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Abstract

The occurrence of 25 drug target residues (illicit drugs or pharmaceutically active compounds)
was investigated during 85 consecutive days in the influents of a wastewater treatment plant in
the Region Centre-Val de Loire, France. This long tracking period allowed a better understanding
of the patterns affecting the occurrence of this type of contaminants. Among them, 2 were never
detected (i.e. heroin and amphetamine). Concerning illicit drugs two patterns were found.
Cocaine and ecstasy median loads varied considerably between weekdays and weekend days (i.e.
18.3 and 35.9 % respectively) whereas cannabis and heroin (based on 6-mono-acetylmorphine
loads) loads were within the same order of magnitude with a significant statistical correlation

with pharmaceuticals such as acetaminophen or ketoprofen.



The consumption of selected drugs was back-calculated from the loads. Among illicit drugs the
highest consumption was found for cannabis with a median consumption of 51 mg.day’
!inhabitant™® (inh) whereas the median consumption for cocaine (based on benzoylecgonine
loads) and ecstasy was 32 and 6 mg.day™.10%.inh™ respectively.

The highest consumption values of pharmaceutically active compounds (PACs) were found for
acetaminophen and acetylsalicylic acid with 108.8 and 34.1 mg.day™.inh™* respectively, in good
agreement with national sales data. A statistically significant weekly pattern was found for
several PACs such as metoprolol and trimethoprim, but with the opposite pattern to that of illicit
drugs. The variations in daily PAC loads could provide information about the mobility of people

in the catchment, especially on the basis of daily taken PACs (i.e. to treat chronicle diseases).

1. Introduction

Emerging pollutants constitute a major, common, and persistent form of pollution in numerous
environmental compartments (Bueno et al., 2012; Deblonde et al., 2011). Among them,
pharmaceutically active compounds (PACs) present significant concentrations in natural waters,
from ng.L™? to pg.L™" (Loos et al., 2009; Lopez et al., 2015; Mompelat et al., 2009). These
contaminants originate from human and animal therapies and are excreted at a significant rate via
urine and feces, depending on the compound characteristics (Lienert et al., 2007). Similarly,
illicit drugs (IDs) are human-excreted contaminants, for which the level of contamination and the
route leading to the natural environment are the same as those of PACs (Kasprzyk-Hordern et al.,
2008; Postigo et al., 2010). After excretion, these compounds are mainly transferred to
wastewater treatment plants (WTPs) where their incomplete removal constitutes a potential
hazard for numerous living organisms, including humans (Brodin et al., 2014; de Jongh et al.,

2012).



Most studies on PACs and IDs concern the assessment of their removal in classical WTPs

(e.g. Fatta-Kassinos et al., 2011; Petrovic et al., 2009; Subedi and Kannan, 2014; Verlicchi et al.,
2012) or focus on innovative techniques aiming at optimizing removal in order to protect natural
environments (e.g. Rattier et al., 2014; Thiebault et al., 2016).

Yet, it appears crucial to better understand the temporal dynamics of PACs and IDs in order to
both adjust the removal capacity of WTPs and predict contamination levels in natural waters.
Consumption of PACs is known to vary with time mainly due to the medication rate of each
therapeutic class. For example, antibiotics are occasional medications strongly impacted by
seasonality (Golovko et al., 2014). Conversely, B-blockers and anti-diabetics are consumed on a
more regular basis, because they treat chronic diseases (Sui et al., 2011). It can therefore be
assumed that PAC concentrations exhibit different temporal dynamics depending on their
therapeutic targets. The temporal dynamics of IDs are less understood although a relationship has
been established between an increase in loads of certain IDs (i.e. recreational drugs) following
several patterns such as special events (Gerrity et al., 2011) and weekends (Gatidou et al., 2016;
van Nuijs et al., 2011). According to recent studies, the level of contamination of a wide range of
PACs and IDs in the influent of WTPs can be correlated to the consumption rate of the
population (Baker et al., 2014; Baz-Lomba et al., 2016; Celle-Jeanton et al., 2014; Krizman et al.,
2016), to the amount of inhabitants in the catchment (Lai et al., 2016) and to the level of
contamination within natural environments (Klaminder et al., 2015). The calculation of
consumption based on loads of drug target residue (DTR) in wastewater treatment plant influents
(influents) requires the use of several parameters: (i) the concentrations of DTR in influents, (ii)
the flow rate of influents, (iii) the number of inhabitants in the catchment of the WTP and (iv) the

percentage of parent compound excreted as DTR, the molar ratio, the stability and the sorption



onto suspended particles, data that are available in the literature, albeit with some variations
(Gracia-Lor et al., 2016).

Numerous studies directly compare the loads of DTR in influents with consumption levels (Besse
et al., 2008; Chiffre et al., 2016; Yan et al., 2014). Few consider that the transit from excretion to
arrival at the WTP can affect the form and the amount of both PACs and IDs, depending on their
chemical reactivity, their sensitivity to degradation and to the physico-chemical conditions that
prevail in the medium during transport. Changes in the physico-chemical conditions could
therefore constitute an additional parameter that should be taken into account to explain the
temporal variability of DTR loads in influents. A large dataset is also helpful to assess the
temporal variability of contaminant loads in influents as it could highlight certain temporal
patterns in DTR loads, making it possible to assess their regularity over time. In this study, we
present for the first time the daily evolution of PACs and I1Ds based on 25 DTR loads during 85
consecutive days. The large dataset enabled us to (i) determine the temporal trends of various
PACs and IDs on a season scale; (ii) compare the results with predicted loads and consumption in
order to detect some site-specific features; (iii) use the statistical correlations between DTR in

order to better understand parameters that impacting their excretion/consumption.
2. Material and methods

2.1. Sample collection and general setting

Influents were collected each day during 85 consecutive days, between March 21% and June 13"
2016 except on March 31%, providing a set of 84 samples. Sampling consisted of a volume-
proportional composite with a sampling of 50 mL every 30 m® of influents between 0h00 and
23h59. For the mean influent volume value, this corresponds to a mix of 167 samples per day.

The chemical parameters of influents during the study are given in Table S1. The selected WTP



has a capacity of 94,000 population-equivalents corrected to 70,000 inhabitants (inh) considering
the number of inhabitants on the catchment. Because IDs are not innocuous pollutants from a
political and epidemiological point of view, the exact emplacement of the WTP investigated in
this study is not disclosed, in accordance with ethical guidelines (Hall et al., 2012; Prichard et
al., 2014)

2.2.Chemical Reagents

Standards for acetaminophen (ACM), atenolol (ATE), bezafibrate (BZB), carbamazepine (CBZ),
codeine (COD), diclofenac (DCF), ibuprofen (IBP), ketoprofen (KET), metoprolol (MET),
oxazepam (OXA), salicylic acid (SCA), sulfamethoxazole (SUL), tramadol (TRA) and
trimethoprim (TMP) were purchased from Sigma-Aldrich with a purity > 98%. The standards for
6-mono-acetylmorphine (6MAM), amphetamine (AMP), benzoylecgonine (BZE), buprenorphine
(BUP), cocathylene (CET), cocaine (COC), heroin (HER), 3,4-methylene-dioxy-N-
methylamphetamine (MDMA), methadone (METD), morphine (MOR) and 11-nor-delta-9-
hydroxytetrahydrocannabinol (THC-COOH) were purchased from LGC Standards. Extraction
and separation solvents, methanol (MeOH) and acetonitrile (AcN) were purchased from Fisher-
Scientific, assuming an analytical grade (purity up to 99.95 %).

2.3. Sample Preparation

After collection, influents were filtered with glass-fiber filters (GF/F, Whatman) prior to solid-
phase extraction (SPE). SPE was carried out by using Chromabond HR-X cartridges (6 mL x 500
mg, Macherey-Nagel). Cartridges were conditioned with 6 mL of MeOH followed by 6 mL of
ultra-pure water. Then, the cartridges were filled with 250 mL of influent prior to flushing with 6

mL of ultra-pure water before drying for 30 minutes under vacuum. Finally, elution of DTR was



performed with 6 mL of MeOH before drying under nitrogen flow and storage at -10°C. Samples

were recovered in ultra-pure water acidified with 0.1% of formic acid before injection.
2.4. Quantification and validation

Chromatographic separation was achieved with an Ultimate 3000 RSLC (Thermo Fisher
Scientific Inc., CA, USA) liquid chromatography system equipped with a binary pump and a
Nucleodur Cyg Gravity column (150mm x 3um, Macherey-Nagel) supplemented by a guard
column. Separation was performed at a flow rate of 1 mL.min™ and the temperature was
maintained at 30°C. Two solvents were used as mobile phase: ultrapure water (solvent A) and
AcN (solvent B) both acidified with 0.1% of formic acid. The elution gradient was a transition
from 95% to 5% of A in 50 min followed by 10 min of 100% of B and then a return to the initial
conditions (95% of A) during 10 min for a total analysis time of 71 min. The chromatography
system was coupled to a TSQ Endura triple quadrupole mass spectrometer equipped with a
heated electrospray ionization (H-ESI) interface (Thermo Scientific Inc., San Jose, CA, USA)
and at a flow rate of 0.3 mL.min™. Quantification was performed with an electrospray ionization
source operating in positive mode, with an electrospray voltage of 3600 V, a vaporizer
temperature of 425 °C, ion transfer temperature of 325 °C, sheath gas of 50 Arb, auxiliary gas of
20 Arb, and sweep gas of 1 Arb. Quantification performances are given in Table 1. Further

information on the analytical setup can be found in Table S2.

The sample analysis was systematically validated by the following procedure: a calibration curve
in ultra-pure water (concentrations varied with linearity range, see Table S1 for details), three sets
of 5 samples followed by one control (50 or 5 ug.L™ spiked in ultra-pure water) and one blank

(ultra-pure water), and another calibration curve. With this procedure, the potential drift of the



analysis between each calibration curve was assessed. Method Detection Limit (MDL) and
Method Quantification Limit (MQL) were calculated with a signal-to-noise ratio of 3 and 10,
respectively (Jelic et al., 2011). It should also be noted that the linearity, determined by the linear
correlation coefficient R?, takes into account three calibration curves that framed the sample

analysis.

The three analytical runs (30 samples for each) were conducted at different times. The between-
run drift was also determined, by comparing the calibration curves and analyzing the same

sample in two different runs.

Relative standard deviation was determined by analyzing the same sample three times. The
Recovery Ratios were calculated for each compound by comparing the concentration of a
standard spiked in the influent matrix with and without filtration and SPE (at 0.2 and 50 pg.L™
respectively) in triplicate experiments. Matrix effect was assessed for each compound by
comparing the concentration of standards spiked in ultra-pure water and spiked in the influent
matrix at the same concentration (i.e. 50 pug.L™) in triplicate experiment. All further details are

given in Table 1.

2.5. Results treatment
The concentration values were corrected for several analytical factors (i.e. recovery ratio
and matrix effect) in order to further obtain consistent values in units that (i) can be
compared to the literature focusing on the loads of DTRs in influents and (ii) can be
discussed in terms of temporal dynamics of loads. Firstly, concentrations were converted
into loads in order to take into account the irregularity of the flow. Some extreme flow

values (Table S1) are indeed generated by the contamination of influents by rainwater,



despite the separated sewer system (Figure S2). The load of each DTR that arrived at the
WTP each day was calculated as follows:

load =103xCx F
with the load of DTR in g.day™, C, the concentration in pg.L™, and F, the flow in m®.day™
The next calculation transformed the loads into Population-Normalized Loads (PNL) in
order to assess the excretion rate of an average median citizen.

load x10°
PNL= ——

Npg

with PNL in pg.day™.inh™ and npg, the number of inhabitants around the WWTP.

All these calculations only take into account DTR in the dissolved phase. To calculate the
daily Consumption of each DTR, a Correction Factor was applied by taking into account
their sorption properties onto suspended particles, their excretion rate and the molar ratio
between the parent compound and the DTR, based on literature data (e.g. Gracia-Lor et
al., 2016).

Molar Ratio 100 100
ExR (100 — SSP) * (100 + Stability)

Correction Factor =

Consumption = Correction Factor x PNL
with Consumption, the estimated consumption in pg.day™.inh™, ExR, the excretion rate as
parent compound in %, Molar Ratio, the ratio between the molecular weight of the parent
compound and the molecular weight of the targeted residue both in g.mol™, SSP the
sorption onto suspended particles in % and Stability the stability of the DTR in similar
conditions (pH = 7.4 and T = 18°C).
The assessment of weekday and weekend loads was carried out by using loads of

Saturday, Sunday and Monday (SAT-MON) for the weekend and the remaining days for



the week (TUE-FRI). This choice was motivated by the connection between rainfall and
the flow of influents (Figure S2), showing that the residence time of influents in sewers is
between 0 and 1 day, and also by several studies using the same distinction (Baker et al.,
2014; van Nuijs et al., 2011; Vuori et al., 2014).

Correlation matrix and pairwise p-values were performed by using the package FactoMineR of
the R software (L€ et al., 2008). Statistical analyses were performed on load values. The Pearson

correlation was used to assess both the correlation matrix and p-values.

Instrument Performance

N DTR Matrix Effect Recovery Ratio MDI__1 MQI__1 Linearity
Abbreviation + 8D (%) + %SD (%) ng.L ng.L Intra-day  Inter-day
(%) %)
Antibiotics
SUL Sulfamethoxazole 91 +1.58 79.7 £9.00 0.2 0.5 0.9998 21 2.6
TMP Trimethoprim 109 +0.43 71.4+3.81 0.1 0.4 0.9999 2.8 15
Anti-inflammatory drugs + Analgesics
IBP Ibuprofen 108 +4.28 78.9 + 3.63 0.9 2.8 0.9972 6.8 3.2
DCF Diclofenac 188 + 0.40 62.9 £ 2.00 0.3 0.8 0.9994 2.4 6.1
KET Ketoprofen 123 +1.73 67.4 +£5.36 0.6 1.9 0.9998 4.6 0.9
SCA Salicylic Acid 188 +0.70 22.1+9.24 0.4 13 0.9997 2.1 11
ACM Acetaminophen 349 +0.29 99.6 +9.99 0.6 1.7 0.9998 4.6 3.1
Other PACs
ATE Atenolol 117 +1.38 68.3 + 3.56 0.3 0.8 0.9998 2.8 1.8
MET Metoprolol 113 +1.67 79.4 £ 2.62 0.1 0.2 0.9998 2.4 1.4
OXA Oxazepam 168 +1.42 103.5+1.15 2.3 6.4 0.9994 2.0 15
CBzZ Carbamazepine 142 +0.48 101.1 +4.75 1.6 4.6 0.9975 1.0 3.2
BzZB Bezafibrate 112 £2.79 80.5 +6.09 0.5 13 0.9998 31 2.9
Opioids and derivatives
MOR Morphine 108 + 1.05 52.3+5.14 31 8.9 0.9996 6.1 2.0
6MAM 6-mono-acetylmorphine 171 +3.78 59.7£4.72 1.0 2.8 0.9996 1.6 4.0
HER Heroin 112 +2.56 68.9£6.72 6.4 17.3 0.9937 9.7 3.1
METD Methadone 235 +0.69 65.8 +13.6 2.2 7.8 0.9985 3.8 1.6
CcoD Codeine 111+0.59 58.1+2.88 0.5 14 0.9998 6.8 2.3
BUP Buprenorphine 241 + 2.50 539+124 0.8 2.6 0.9988 10.1 7.2
TRA Tramadol 171+1.54 99.0 +£2.46 2.1 6.5 0.9997 3.9 6.4



Cocaine and derivatives

coc Cocaine 80+223 78.0 £5.47 16 4.9 0.9989 8.9 2.7

BZE Benzoylecgonine 109 +1.36 82.8+3.15 1.8 5.4 0.9996 4.3 19

CET Cocaethylene 096 + 1.54 83.6 +3.59 0.6 2.0 0.9996 6.6 2.6
Other IDs

THC THC-COOH 124 +2.51 43.6 £16.6 8.5 20.2 0.9987 34 4.2

MDMA MDMA 108 + 0.47 72.0+115 1.0 3.2 0.9996 5.6 3.8

AMP Amphetamine 105+0.14 73.5+9.42 1.6 4.6 0.9975 5.8 3.9

Table 1: Analytical parameters and performance of the selected contaminants with SD the standard
deviation, MDL and MQL method detection limit and method quantification limit respectively

3. Results

3.1. Loads of DTRs in influents

Figure 1 presents the aggregation of the 84 load values during the whole period of analysis. HER
(as DTR) and AMP are not shown in Figure 1 nor in the rest of the study because they were never
detected. As explained above, concentration is not the most consistent value to assess the
temporal trend of contaminants. Yet, this value is heavily dependent on the flow. Although there
were some significant variations in the concentrations during tracking, the calculation of loads
smoothes the impact of extreme events such as the heavy rain events that occurred during the
beginning of June 2016 (Figure S1).

The variation for a given DTR never exceeded one order of magnitude during the tracking period,
with the notable exception of four compounds (CET, MDMA, 6MAM and BZE) that are all IDs

(Figure 1).
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Figure 1: Loads of each DTR during the whole sampling campaign (n=84). The number of detections is
indicated if different from 84. The line within the box marks the median, boundaries indicate the 25" and
the 75™ percentiles, error bars indicate the maximum and minimal mass loads in £1.5 ¢ variations and dots
indicate values outside this range. Gray and white boxes correspond to ID and PAC loads respectively

Among the selected DTRs, ACM and SCA were the two most abundant with median loads of
297.9 and 140.8 g.day™ respectively. The loads of other PACs were between those of BUP and
KET values with 0.3 and 22.1 g day™ respectively. Finally, among IDs, the loads were in general
lower than those of PACs except for THC-COOH with a median load of 23.5 g day™.
3.2. Weekly trends of DTRs

To assess the factors that control the dynamics of DTRs in influents, the difference between
weekday and weekend day loads is an efficient indicator often used for IDs and derivatives
(Gatidou et al., 2016; van Nuijs et al., 2011; Vuori et al., 2014; Zuccato et al., 2008).

Figure 2 presents the distribution of DTR loads during weekdays and weekend days. When
statistically significant (p < 0.05), the percentage difference is indicated above the DTR

concerned. Among the 23 DTRs detected, 11 presented a statistically significant difference

11



between weekdays and weekend days. 4 of these were IDs for which the loads were higher on
weekend days than on weekdays, with median variations of 50.9, 35.9, 20.4 and 18.3 % for CET,
MDMA, COC and BZE, respectively. The other 7 are PACs and, except for DCF, their loads

were significantly lower on weekend days than on weekdays, with negative percentage values

(Figure 2).
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Figure 2: Comparison of loads between week days (white boxes) and weekend days (gray boxes) for each
targeted DTR. Numbers at the top of the figure indicate the percentage variation between TUE-FRIand
SAT-MON when statistically significant (p < 0.05). The line within the box marks the median, boundaries
indicate the 25" and the 75" percentiles, error bars indicate the maximum and minimal loads in £1.5 ¢
variations and dots indicate values outside this range

4. Discussion

4.1. Comparison of PNL with literature data
PNL values of both IDs and PACs are then confronted to data reported in the literature. The
median PNL values obtained in this study for PACs are in accordance with literature data (Figure
3). Thus, the excretion of an average citizen in the catchment of the selected WTP is comparable

to that of others worldwide. For example, the PNL values for SUL and MET are very similar to

12



median PNL values reported in literature data (Figure 3). However, some values are significantly
different from those found in the literature. For example, the median PNL of KET determined in
the present study is the highest of those reported in the literature whereas the median PNL of IBP
is the lowest (Figure 3). PNL values of IDs are also different from literature data. For example,
although BZE, COC, MDMA, 6MAM and CET were frequently detected in this study, their PNL
values are lower than those reported in earlier studies. This can be explained by several factors.
Firstly, the investigated area is not as densely populated as major cities examined in the literature.
It has been shown that ID excretion is higher in major cities (Ort et al., 2014; Thomas et al.,
2012; Vuori et al., 2014). Moreover, the selected WTP mostly drains residential and industrial
areas but few party locations. Finally, the PNL values reported in Figure 3 are only those higher
than the MQL (i.e. > 0 in the literature). Yet, a significant proportion of the cited studies did not
detect compounds such as MDMA or 6MAM, for example. The PNL values determined in this

study are lower than other reports but remain significantly higher than MQL.

In this study, the median PNL value for THC-COOH is 261 pg.day.inh™ whereas the previous

highest value reported was 259 pg.day.inh™ in Paris (Thomas et al., 2012).
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Figure 3: Median PNL of each DTR obtained in this study (black stars) compared with literature data
(box-plot). The number indicated below each abbreviation indicates the number of values > MQL/total
number of values in the literature. The line within the box marks the median, boundaries indicate the 25"
and the 75" percentiles, error bars indicate the maximum and minimal mass loads in £ 1.5 ¢ variations and
dots indicate values outside this range

Data from: Baker et al. (2014); Behera et al. (2011); Bijlsma et al. (2012); Castiglioni et al. (20063,
2006b); Collado et al. (2014); Gerrity et al. (2011); Golovko et al. (2014); Gracia-Lor et al. (2012); Gurke
et al. (2015); Kosma et al. (2014); Lindberg et al. (2014); Mackulak et al. (2016); Mailler et al. (2015);
Ort et al. (2014); Papageorgiou et al. (2016); Pereira et al. (2016); Postigo et al. (2011, 2010); Rosal et al.
(2010); Terzic et al. (2010); Vergeynst et al. (2015); Verlicchi et al. (2013); Vuori et al. (2014); Wick et
al. (2009); Yan et al. (2014)

4.2. Consumption assessment and its temporal dynamics
A wastewater-based consumption can be calculated from the load values. We converted loads
into consumption in order to compare our data with predicted consumption at the national scale,
based on sales figures. While the predicted consumption of PACs is available (Chiffre et al.,
2016), this is, obviously, not the case for IDs. Moreover, the defined daily dose (DDD) has been
calculated for several PACs, making it possible to calculate the number of consumers based on
the load value (Baz-Lomba et al., 2016). For IDs, it is only possible to calculate the number of

doses.1000inh™. The presentation of the results will therefore be different for PACs and IDs.
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PAC consumption will be compared to predicted values and based on DDD values (Table 2)
while ID consumption will be determined from the number of doses (Table 3).

Antibiotics

The wastewater-based consumption values of both SUL and TMP are very close to those
predicted at the national scale (Table 2). The case of SUL and TMP is particular, however, as
these two antibiotics are often associated in a single medicinal product, with a SUL/TMP ratio of
5/1 (Dan et al., 2013). In our data, the statistical correlation between SUL and TMP loads is the
highest with a value of 0.65 (p < 0.001), thus confirming the relationship between these two
PACs (Table 4).

Yet, the calculated SUL/TMP ratio is 7.5/1, a value close to the original ratio, but nonetheless
distinct. It can therefore be considered that TMP is less stable during the transfer through the
sewer network, increasing the SUL/TMP ratio in the influent. The same could apply for other
PACs consumed in association. However SUL and TMP are the two only PACs for which the
associated medication is predominantly consumed than single PAC (e.g. ACM/TRA or
ACM/COD).

Due to the significant correlation between SUL and TMP, the temporal trends of their loads are
also significantly correlated, and exhibit lower loads during weekend days and higher loads
during weekdays in the same order of magnitude for both (i.e. -15.9 and -14.2 % for SUL and
TMP respectively, Figure 2).

However, their variable posology (antibiotics are by definition an episodic medication) especially
sensible to monthly or hourly rather than daily variations (Coutu et al., 2013), and dosage (i.e.
from 200 to 800 mg of SUL, 40 to 160 mg of TMP, 1 to 3 three times per day, Pl6sz et al., 2010),
makes it difficult to ascertain the origin of this weekday/weekend difference. Anti-inflammatory

drugs and Analgesics
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Within this therapeutic group, ACM and SCA were the two most abundant DTR detected in this
study. The wastewater-based consumption values for these two PACs exceeded 10 mg.day™.inh™,
in good accordance with predicted values (Table 2). The posology of acetylsalicylic acid (of
which SCA is the DTR) and ACM are episodic, as for the other PACs present in this group. We
therefore expect significant day-to-day variations in the influent loads of these DTRs. Yet, the
loads of these PACs are regular (i.e. in the same order of magnitude) all along the tracking
indicating that the wastewater-based consumption weakly varied during this tracking (Figure 1
and S1).

Baz-Lomba et al. (2016) used a DDD of 3 grams to assess the consumer number of ACM. Based
on a mean PNL of 4,353 pg.day™.inh™, this corresponds to a median amount of 2539 DDD or
daily consumers of ACM based on the median consumption value (Table 2). It can therefore be
estimated that the median percentage of ACM consumers in the catchment is 3.6 % (i.e. 2539
ACM consumers.70000inh™ ).

Among this therapeutic class, only DCF presents a significant difference in load values between
weekend days and weekdays. However due to its posology, it is difficult to draw any further
conclusion.

Significant statistical correlations between all the compounds in this group indicate that a
common factor could control their consumption (Table 4).

The calculated consumptions are in general agreement with theoretical consumption values, with
the noticeable exception of IBP for which the wastewater-based consumption is 0.4 % of the
predicted one (Table 2). This significant difference, already noticed when compared the PNL
value with other WTPs (Figure 3), could be explained by a site effect. A previous study carried
out in the same region also gave low consumption values for IBP (Thiebault et al., 2017).

Other PACs
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ATE and MET are B-blockers and can be considered as all-year-long medication. Their
wastewater-based consumption values are within the same order of magnitude as national sales
values (Table 2). Thanks to the particular posology of ATE and MET, the number of daily
consumers around the WTP can be calculated. With DDD of 70 and 150 mg, respectively (Baz-
Lomba et al., 2016), the number of DDDs excreted for ATE and MET in the catchment are on
average 4.59 and 1.62 DDD.day*.1000inh™, respectively. Although the loads of ATE did not
exhibit any trend, a weekly pattern can be distinguished for MET (Figure 2), since MET is
significantly less excreted in the catchment during the weekend. The mean DDD amounts are
therefore 1.74 and 1.46 DDD.day™".1000inh™ on weekdays and weekend days, respectively. This
variation can be observed throughout the record. It may be interpreted as the possible mobility of
a fraction of MET consumers, for example workers who work in the catchment but live outside of
it.

CBZ and BZB wastewater-based consumptions are close to theoretical values based on national
sales data (Table 2) and no temporal pattern can be distinguished (Figure 2).

The estimated consumption of OXA is very close to the theoretical one. OXA is not only
consumed as PAC (Hummel et al., 2006), but it is also a DTR of diazepam (Baker et al., 2014).
The wastewater-based consumption of diazepam based on OXA loads is thirty times higher than
predicted consumption based on national sales. This is due to the fact that in France, OXA is
consumed ten times more than diazepam (Table 2). The assumption that OXA can be a good
indicator of benzodiazepines in general seems correct. Conversely, estimating diazepam

consumption from OXA loads appears inappropriate (Bijlsma et al., 2012).
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% Sorption - h Predicted = Experimental — Doses.day-
DTR CoPne"lireonutn d excreted '\R/’I;)tlizr to SSP Stability C?:r;ifgron D? I)D Consumption'  Consumption ~ 1.1000inh®
P as DTR (%) 9 mg.day™.inh®  mg.day’inh™ !
Antibiotics
SuL - 20° 1 6.0° 53 20 0.694 0.668 0.34
TMP - 60° 1 8.0° 18 0.4 0.139 0.089 0.22
Anti-inflammatory drugs + Analgesics
IBP - 30° 1 5.0° 35 12 9.967 0.043 0.03
DCF - 16° 1 0.0° 6.25 0.1 1.618 1.050 105
KET - 80° 1 n.d. 1.25 0.15 0.9 0.401 267
SCA Acety/f;'c'icy"c & 13 nd. 16.25 30 16.44 3413 114
ACM ; 42 1 nd. 25 3.0° 137.0 1088 363
Other PACs
ATE - 84° 1 9.0° 13 0.07 0.761 0.319 4.59
MET - 11° 1 0.0° 9.09 0.15 0.364 0.243 162
d
5 Diazepam 33¢ 0.99 ) 24 3.16 0.05 0.022 0.582 116
XA 5.4
Oxazepam 75 1 141 0.05 0.257 0.265 518
CBZ - 13.89 1 0.0° 7.25 1 1.39 0.366 037
BZB - 50° n.d. 2 0.6 0.865 0.239 040
Opioids and derivatives
MOR ; 77.7° 1 0.9¢ 48.9' ; 0.03 n.d 0.035 1.18
METD . 27.8° 1 7.19 -6.7° 3.85 0.02 n.d 0.036 1.80
d
coD - 63.8° 1 1.0° 124 158 0.1 nd 0.435 4.36
BUP - 1.0° 1 0.0° 5.9° 100 12 0.011 0.525 0.44
TRA - 31.9° 1 1.0° -11.0° 3.17 03 1.074 0.437 1.46

Table 2: Assessment of the median wastewater-based consumption and a comparison with theoretical
consumption values based on national sales data, with SSP the suspended solid particles

References:

Lienert et al. (2007)*
Hirsch et al. (1999)°

Kasprzyk-Hordern et al. (2009)°

Baker et al. (2014)

Horsing et al. (2011)°
Carballa et al. (2008)"
Bahlmann et al. (2014)°
WHO Collaborating Center for Drug Statistics Methodology (2016)"

Chiffre et al. (2016)’

Opioids and derivatives

National sales data are only available for two DTR of opioids: BUP and TRA. The wastewater-

based consumption of TRA is in the same order of magnitude as national sales data, whereas for

18



BUP, the wastewater-based consumption is significantly higher (Table 2). METD and COD are
two other PACs consumed in significant amounts. The measured consumption values are in
accordance with other reports from the literature (Figure 3). Whereas BUP and COD loads do not
exhibit any weekly pattern, TRA and METD are excreted less during weekend days with values
of -7 and -12.9 %, respectively (Figure 2). This trend was previously observed on other DTR
such as KET and SUL, and could thus indicate the mobility of some consumers of these PAC out
of the catchment. In addition, both TRA and METD can be used as ID substitutes.
Weekday/weekend differences could thus potentially indicate a modification in medication
during the weekend.

The calculation of HER consumption with HER as DTR is difficult due to the very low excretion
rate of HER. Several authors therefore suggested using other opioids such as MOR and 6MAM
as DTR of heroin (Baker et al., 2014; Gatidou et al., 2016; Terzic et al., 2010). However, MOR is
mostly consumed as a therapeutic drug whereas the use of heroin is illicit. Although the excretion
rate of 6MAM is low, which explains why this compound is barely detected, it presents the
advantage of resulting exclusively from the metabolism of heroin (Kolmonen et al., 2010). In the
present study, we calculated wastewater-based heroin consumption from both MOR and 6MAM
(Table 3). The resulting heroin consumption was sixteen times higher based on MOR than on
6MAM loads. This could be explained, by the numerous origins of “legal” MOR (i.e. COD,
ethylmorphine, pholcodine and MOR itself in Baker et al., 2014), that are far more
consumed/excreted than the “illegal” MOR, generated by the consumption of HER.

However, a statistically significant correlation was noted between MOR and 6MAM, with a value
of 0.3 (Table 4). Such a link between these two compounds needs to be confirmed but the
statistical correlation remains lower than other associated medication, probably related to the

multiple sources of these compounds.
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Heroin consumption based on MOR excretion values, which represent both therapeutic MOR and
illicit heroin consumption, can thus lead to an overestimation of heroin consumption (Baker et al.,
2014; van Nuijs et al., 2011). The consumption assessment of MOR based on MOR loads gave a

value of 35 mg.day™.1000inh™ (Table 2).

DTR Parent % Molar Stability” Sorptionto  Correction Dose® Consumption doses.day™.1000inh™
Compound excreted Ratio SSP (%) Factor (mg)  mg.day*.1000
as DTR inh?* W WE
Cocaine and derivatives
cocC - 7.5% 1 -1.7 1.4° 13.52 101 2.72 3.42
BZE Cocaine 45 1.05 5.5 0.4° 2.34 30 32 1.02 1.24
CET Cocaine-+ethanol n.d. 0.96 6.8 1.3° - - n.d. - -
Other illicit drugs
MDMA - 20.3° 1 1.4 1.1° 4.98 97 6 0.05 0.07
THC-COOH Cannabis 0.6° 0.91 nd. n.d. 151.67 125 51,423 396 430
MOR Heroin 55" 1.33 48.9 0.9° 2.44 10 99 19.1 19.0
6MAM 1.3 1.12 -12.0 n.d. 86.15 14 1.34 1.18

Table 3: Consumption assessment of illicit drugs with dose the average dose used, W weekdays and WE
weekend days

References

% Gracia-Lor et al., (2016)

®Baker et al., (2014)

¢ Krizman et al., (2016)

Ilicit drugs

With a defined dose of 10 mg (Table 3), the mean daily number of HER doses consumed in the
catchment was 1.27 doses.day.1000inh™, corresponding to the use of HER by 0.13% of the
population based on 6MAM loads (Table 3).

As for HER (based on MOR or 6MAM loads), no weekly trend was found for THC-COOH
consumption. With a wastewater-based consumption of 51,423 mg.day™.1000inh™ and a defined
dose of 125 mg, the mean daily amount of cannabis doses is about 411 doses.day™.1000inh™.
Considering a population of 70,000 in the catchment, the number of doses is high with a
consumer percentage of 41%, based on one dose per day and per consumer (Table 3). This value
should probably be corrected by the number of consumers of more than one dose per day.

However, cannabis is the most widely consumed ID in France and according to the EMCDDA,
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the prevalence of consumption was about 40.9% in 2014 (EMCDDA, 2016a). Our results are
therefore in accordance with the general finding that France is the highest consumer of cannabis
in Europe (Nefau et al., 2013; Thomas et al., 2012).

COC and MDMA are the last two IDs examined in this study and are both considered as
recreational drugs (Gatidou et al., 2016; Nefau et al., 2013). For these two compounds, a
significant variation was found between weekdays and weekend days. Whereas only MDMA was
determined and used to estimate ecstasy consumption, three DTR were used to estimate COC
consumption (i.e. COC, BZE and CET). COC and its principal degradation product BZE present
a similar pattern with a 20% load increase during weekends (Figure 2). Moreover, the statistical
correlation between COC and BZE is significant (Table 4). CET is a DTR resulting from the use
of both COC and ethanol. It exhibits the highest variation between weekdays and weekend days
among the selected DTR (i.e. + 50.9%). Cocaine consumption should therefore be calculated
from BZE or COC loads. BZE is generally preferred for the calculation of COC consumption due
to its higher concentration in sewage and its better stability (Gracia-Lor et al., 2016; Zuccato et
al., 2008). The defined dose of COC is 30 mg given a mean daily number of consumed doses of
1.02 and 1.24 doses.day™.1000inh™ on weekdays and weekend days respectively based on BZE
loads (Table 4).

The same calculation can be achieved for MDMA for which the defined dose is 97 mg, resulting
in a mean daily number of consumed doses of 3.2 and 5.1 doses.day™ on weekdays and weekend
days, corresponding to 0.05 and 0.07 doses.day™.1000inh™ respectively (Table 3). This number
of daily doses is low but consistent with other reports in France (Nefau et al., 2013).

At a national scale, these wastewater-based consumptions can be compared with other French
cities that participate to the EMCDDA; Paris and Bordeaux (EMCDDA, 2016b). For MDMA, the

mean consumption values in 2016 are 0.14 and 0.17 doses.day™.1000inh™ for Bordeaux and
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Paris, respectively. In this study, the mean consumption value is 0.06 doses.day.1000inh™, i.e.
significantly lower than in bigger cities. The same trend can be noticed on COC consumptions
(based on BZE loads) with mean consumption values of 1.12, 8.20 and 5.52 mg.day™*.1000inh™
for this study, Bordeaux and Paris respectively. As a result, the consumption of COC and MDMA
in the investigated city, smaller than Bordeaux and Paris, is significantly lower indicating that
national scale variations can be important.

From a statistical point of view, BZE loads are significantly correlated with MDMA and COC
loads, probably due to the weekday/weekend day difference that is in the same order of
magnitude for these three compounds. Conversely, CET and THC-COOH loads are not

correlated with other IDs (Table 4).
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ACM

ATE 0.34" ATE

BUP 009 026" BUP

BZB  046™ 0317 016 BzZB

BZE 006 002 -001 005 BZE

CBz 010 005 010 -000 004 CBZ

CET  -010 014 002 -008 016 007 CET

coc 005 -0.15 007 -007 036" -001 003 COC

cob 025" 013 0277 035" 014 0397 -0.11 002 COD

DCF 035" 034" 020 035" 011 003 008 002 021 DCF

IBP 0577 023" 004 0427 -000 003 -0.12 -0.10 0.32” 0527 IBP

KET 050™ 025" 020 0477 001 002 -0.13 -0.13 0557 0427 065" KET

MDMA 0.08 -0.10 -0.07 -0.09 0377 013 014 006 -001 020 018 015 MDMA

MET 0417 002 -016 033" -004 -004 -0.13 -0.09 034" 026" 054™ 063" 021 MET

METD 0.34™ 042" 030" 040™ -0.09 000 -0.27° -0.15 037" 020 0.39™ 0.39™ -0.23° 004 METD

MOR 026" 024" 022" 043™ 043™ 005 -0.07 -0.10 048™ 0.37™ 030" 046™ 0.3 0.34™ 033" MOR

OXA 010 027" 034" 032" 011 -011 -0.05 -0.11 0.43™ 041" 045™ 057 0.04 0.40™ 037" 057 OXA

SCA 055" 012 -001 043" 030" 033" -010 -0.02 061" 014 042" 050 0.7 0.37"" 022  049™ 022" SCA

SUL 024" 022" 019 019 003 -001 -025" 021 024" -007 016 019 -0.17 016 0327 029" 014 021 SUL

THC 041" 045™ 059™ 017 006 009 002 -008 009 043™ 036" 041™ 021 -0.03 035" 022" 0327 017 007 THC

TMP 036" 0.34™ 020 007 000 000 -023 000 009 -004 021 031" -005 012 033" 024" 015 015 065" 040™ TMP
TRA 017 012 -004 016 -0.26° 004 -0.17 -001 030" -0.02 018 023 -012 020 026 -0.09 002 011 017 -0.01 012 TRA
6MAM -0.06 009 025 002 022° -005 -0.02 007 -0.02 -001 -000 -0.01 0.02 -0.07 000 0307 017 -005 006 021 0.23" -0.20

Table 4: Correlation coefficients describe the relationship between loads of each detected DTR. ", " and ~ correspond to p-values < 0.05, 0.01 and
0.001 respectively
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4.3. Statistical variation assessment between DTRs from various classes

Beyond their belonging to various therapeutic classes, the load variation of each DTR in influents
is mostly controlled by the consumption pattern of the parent compound. The distinction between
PAC and ID often used in the literature to distinguish a potential temporal trend is thus difficult
to assume because several IDs are regularly consumed without either a weekly or a monthly
pattern. Except for COC, MDMA and DCF, none of the compounds exhibited a significantly
higher excretion during the weekend days. No firm conclusion can be reached for DCF.
Conversely, this weekly pattern was regularly demonstrated in the literature for COC and
MDMA (e.g. Gatidou et al., 2016; Vuori et al., 2014). Consequently, COC and MDMA are not
significantly correlated with other compounds, except BZE. CET exhibited a stronger weekly
pattern (i.e. + 50.9%). CET was correlated with no other compound but rather significantly anti-
correlated with SUL, TMP and METD (Table 4), three compounds consumed significantly less
during weekend days (Figure 2). Thus, the correlation coefficients represent well the links
between compounds that present similar or opposite weekly patterns.

In Table 4, several significant correlations can be noticed on widely consumed drugs such as
ACM, SCA and other anti-inflammatory drugs. THC-COOH is also significantly correlated with
this pool, indicating that from a wastewater-based evaluation, cannabis should be considered as a
regularly consumed ID, as should the 1D substitutes BUP and METD.

At the scale of this study, most of the selected compounds should be considered as regularly
consumed products whereas some of them, such as analgesics, are intermittently consumed by an
individual consumer at a daily scale. As the study was limited to a single season, additional
seasonal effects can be expected on larger time scales especially for antibiotics (Golovko et al.,

2014; Sui et al., 2011).
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5. Conclusion

The load of 25 human-excreted DTRs in wastewater was analyzed during 85 consecutive days.
This large database enabled us to investigate the temporal pattern of loads for each DTR.
Although the variation between weekdays and weekend days was already noticed for recreational
IDs such as COC and MDMA, an opposite trend was observed for the first time for some PACs
such as MET or METD for which the loads are significantly lower during weekend days. Beyond
this variation, we assume that load variations of PACs, especially those used to treat chronic
disease (e.g. MET) are controlled by the weekly mobility of people in the catchment.

The weekly pattern observed for several IDs varied considerably, with maximum values for
MDMA and CET (i.e. + 35.9 and 50.9 % during weekend days). Although CET is considered as
a degradation product of COC, no significant correlation was found between CET and COC,
probably due to the fact CET metabolization requires taking into account both COC and ethanol.
Based on their correlation coefficients, DTRs were grouped independently of their use. For
example, even though THC-COOH is derived from an ID (i.e. cannabis), its load variations
during the study are closer to those of widely consumed medication, such as ACM or DCF, than
to those of other IDs.

Moreover, the daily over an extended period tracking allowed a better understanding of the
quantitative relationship between some parent compounds and their DTR. For example, in the
opioid group, although 6MAM and MOR are statistically significantly correlated, 6MAM is a
better guide to calculate HER consumption due to its unique origin.

Finally, wastewater-based consumptions of IDs and PACs determined in this study are in general

agreement with the literature. Some site-dependent features were revealed, such as the highest
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consumption value ever found for cannabis (i.e. 51.4 mg.day*.inh™). Similarly, wastewater-based
consumption of IBP is significantly lower than in other studies.
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