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A B S T R A C T

Background and aims: A limited number of studies have employed wastewater-based epidemiology (WBE) to 
assess the impact of specific COVID-19 public health directives on stimulant consumption. This study investigates 
the potential of WBE as a complementary information source to support decision-making, by examining drug use 
changes during the pandemic.
Methods: WBE data on stimulant use from 2019 through 2022 was obtained from 17 countries covering a total of 
47 wastewater treatment plants worldwide. The Oxford Coronavirus Government Response Tracker stringency 
index was used to standardize the severity of the COVID-19 interventions across different countries. A multiple 
linear regression model was fitted for the population-normalized mass loads of amphetamine, cocaine (through 
its metabolite benzoylecgonine), MDMA, and methamphetamine to investigate whether changes in COVID-19 
restrictions influenced stimulant use, controlling for possible week-weekend and spatial effects.
Results: In most locations, WBE suggests that stimulant use was not significantly affected by the COVID-19 in
terventions, or even increased under the stricter measures. Methamphetamine use showed the largest decrease 
with increasing policy stringency, with a negative linear relationship found in 19% of cities, followed by MDMA 
(18%), cocaine (15%) and amphetamine (6%). Social gathering restrictions mainly impacted cocaine and MDMA 
use, while methamphetamine consumption declined most under stringent travel restrictions.
Conclusions: This study highlights the heterogeneous effects of the COVID-19 policy changes on stimulant use, 
even within countries. The ability of WBE to compile consecutive daily estimates proves to be particularly useful 
to assess the direct effect of specific policy changes on the consumption of different stimulants.

Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
and the associated coronavirus disease (COVID-19) affected many 
countries worldwide and overwhelmed many healthcare systems, 
resulting in large social and economic consequences. As of July 2024, 
the World Health Organization (WHO) has confirmed that there have 
been >750 million recorded cases of COVID-19 infections globally, and 
>7 million reported COVID-19 related deaths (World Health 
Organization (WHO) 2024). To curb the spread of the disease, many 
governments imposed a broad range of social restrictions in response to 
real-time changes in viral transmission, such as social distancing, 
cessation of special events, and full or partial lockdowns (EMCDDA, 
2020; Dietze & Peacock, 2020). The profound alterations in societal 
and economic behaviors resulting from these measures may have 
impacted drug supply, distribution, and demand in diverse manners. 
Different measures were observed among countries in terms of the 
duration, intensity, and timing of travel restrictions, and social 
distancing measures. Due to the incongruent results between available 
data sources and the heterogenicity of the government mandates (Been 
et al., 2021; Gili et al., 2021; Manthey et al., 2021; Mariottini et al., 
2021; Palamar et al., 2021), the potential impact of these policy 
changes on community-wide stimulant use should be further assessed 
using complementary approaches.

Over the last decade, wastewater-based epidemiology (WBE) has 
been successfully applied to deliver objective qualitative and quantita
tive information on stimulant use at the population scale and has proven 
its ability to monitor drug consumption trends in various regions 
worldwide (Bade et al., 2023; Chen et al., 2024; EMCDDA, 2024; 
Gonzalez-Marino et al., 2020; Salgueiro-Gonzalez et al., 2024). Within 
WBE, concentrations of human biomarkers related to different 
lifestyle-related and public health-related aspects (e.g., stimulants, 
pharmaceuticals) are measured in influent wastewater and converted 
into population-normalized mass loads (PNML, often expressed in 
mg/day/1000 inhabitants) by considering the total wastewater flow 
rate and the population size served by the wastewater treatment plant 
(WWTP) (Baker et al., 2014). This normalization allows the intra- and 
inter-country comparison between locations with different population 
equivalents and serves as a proxy for consumption.

WBE has been generally used as a complementary approach for 
monitoring substances of concern for public health, with strong ad
vantages including cost-efficiency, high spatiotemporal resolution, large 

population coverage, and fast turn-around times (O’Keeffe, 2021). Only 
a few monitoring programs have systematically applied WBE to evaluate 
the effects of specific government mandates on the use and/or exposure 
to different substances (Burgard et al., 2019; Rice et al., 2020; Tscharke 
et al., 2022; Verhagen et al., 2024). Before the start of the COVID-19 
pandemic, the role of WBE in decision-making and government strate
gies was limited and there were only a few examples where WBE has 
been employed across different public health domains. Several impor
tant organizations (e.g., European Union Drug Agency (EUDA), 
Australian Crime Intelligence Commission, New Zealand Police) recog
nized WBE as a valuable complementary epidemiological information 
source to monitor the use of illicit and licit drugs (e.g., amphetamine, 
MDMA, fentanyl, oxycodone) in their drug reporting (Australian Crime 
Intelligence Commision, 2024; EMCDDA, 2024; Finish Institute for 
Health and Welfare, 2022; New Zealand Police, 2022). During the 
COVID-19 public health crisis, WBE played a significant role in evalu
ating temporal changes in the number of SARS-CoV-2 infections. Many 
government organizations acknowledged the capability of WBE to 
monitor trends in the number of SARS-CoV-2 infections at high 
spatio-temporal resolutions. WBE may also effectively survey the 
abundance of different variants and sublineages in influent wastewater 
(Ahmed et al., 2020; Centers for Disease Control and Prevention, 2022; 
Federal Office of Public Health, 2022; Government of the Netherlands, 
2022; Health Protection Surveillance Centre, 2022; U.S. Food and 
Drug Administration, 2022). As illustrated by the Sewage CORe Group 
Europe (SCORE) monitoring program, such dedicated large scale 
wastewater programs could also aid substantially in identifying hotspots 
of illegal drug consumption, and in evaluating the effect of specific drug 
policy interventions (Boogaerts et al., 2022; Chen et al., 2024; 
Estevez-Danta et al., 2022; Reinstadler et al., 2021).

In this study, WBE data on amphetamine, cocaine (through its 
metabolite benzoylecgonine), methamphetamine, and 3,4-methylene
dioxymethamphetamine (MDMA) consumption was collected from 17 
different countries worldwide to assess the impact of the severity of the 
pandemic-induced policy changes on stimulant usage trends. The aim 
was to use the COVID-19 pandemic as a case study to further explore the 
untapped potential of WBE as a complementary information source to 
support policy-making. The COVID-19 pandemic provides an opportu
nity to evaluate the effect of heterogeneous policy changes (i.e. to pre
vent COVID-19 spread) on stimulant use at the community level. To 
achieve this, WBE data from the 17 countries investigated is cross- 
referenced with the Oxford COVID-19 Government Response Tracker 
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(OxCGRT) stringency index and its subindices. Even though several WBE 
case studies have investigated the impact of the COVID-19 pandemic on 
stimulant use, this is one of the first studies to place these findings in an 
international context while simultaneously incorporating data from new 
sites.

Materials and methods

Oxford COVID-19 government response tracker stringency index

OxCGRT compiles a systematic series of cross-border, temporal 
measures of COVID-19 government responses starting from January 
2020. It tracks national, or in some instances subnational (e.g., at a state 
level), government policies and interventions (Hale et al., 2021). Thanks 
to its global coverage (i.e. compiling data from over 180 countries) and 
granularity of policy detail, different composite indicators of OxCGRT 
have been widely applied to inform different scientific, economic and 
policy fields and to better understand the effects of governments’ re
sponses to COVID-19 across different populations and contexts (Hale 
et al., 2021; Ludwig-Walz et al., 2022; Reddy et al., 2023). Composite 
indicators include containment, health index (CHI), and government 
response index (GRI).

In this study, the OxCGRT was applied to further understand the 
effect of the COVID-19 policy changes on stimulant use during the 
pandemic period. In particular, the OxCGRT stringency index was 
employed to standardize the stringency of the policy interventions at 
(sub)national level, and enable an inter-country comparison among the 
severity of government restrictions on illicit drug consumption. The 
stringency index is the combination of nine different subindices: school 
and workplace closures, restrictions on social gatherings, public infor
mation campaigns, cancellation of public events, stay-at-home mea
sures, closures of public transport, and domestic and international travel 
bans. The index is available on a daily basis by calculating the simple 
average of the normalized score of these nine metric functions. This 
results in a stringency index between 0 and 100, with higher scores 
associated with more stringent policy responses. This index was con
structed for policies that apply to non-vaccinated people and those for 
vaccinated people. In this study, the weighted average of the non- 
vaccinated/vaccinated indices was obtained directly from Hale et al. 
(2021). They applied this weighting to account for differences in strin
gency index between both subsets of individuals, taking into account the 
proportion of the population that was vaccinated. Table S1 visualizes the 
different subindices of the stringency index and their possible values. 
More information on the calculation can be found in the study of Hale 
et al. (2021). For 2019, the stringency index was considered zero (i.e., 
no restrictions), similar to the pre-pandemic period in 2020. During the 
pre-pandemic period in 2019 and 2020, no COVID-19-related govern
mental measures were implemented, as the SARS-CoV-2 virus had not 
yet emerged. Therefore, a value of 0 appropriately reflects the absence of 
COVID-19-related policy restrictions captured by the index during this 
period.

Given the complexity and heterogeneity of the COVID-19 policy 
changes, deriving standardized local adjustments for the stringency 
index that would be comparable across all study locations was not 
feasible. Therefore, the national stringency index was applied as a proxy 
for policy stringency at the local scale. In the majority of countries, 
COVID-19 policy measures were implemented at the national level, 
supporting the applicability of the national stringency index. For 
countries where WBE data were collected from multiple cities, the same 
national stringency index was applied across all locations in the 
modeling approaches.

Data acquisition and chemical analysis

WBE data was acquired from different partners of the Sewage CORe 
Group Europe (SCORE). This network aims to standardize the 

application of WBE across different laboratories and coordinate inter
national wastewater surveillance campaigns (van Nuijs et al., 2018). 
This allows inter- and intra-country comparison of wastewater-based 
drug consumption estimates (Gonzalez-Marino et al., 2020). Sampling 
of influent wastewater was performed according to SCORE’s best prac
tice protocol (European Drug Agency, 2013). Influent wastewater was 
monitored in 17 different countries (i.e. Australia, Austria, Belgium, 
Canada, Chile, Cyprus, Finland, Greece, Italy, Latvia, Lithuania, the 
Netherlands, New Zealand, Portugal, Spain, the United Kingdom, and 
the United States), covering a total of 47 WWTPs. In each location, daily 
24-h composite influent wastewater samples were collected from 2019 
through 2022 during different time periods characterized by different 
COVID-19 policy interventions. Figure S1 and Table S2 give an overview 
of the different WWTPs and the corresponding sampling periods. As 
illustrated in Table S2, 24-h composite influent wastewater samples 
were collected either time-, volume- or flow-proportionally with 
frequent sampling intervals. Throughout this manuscript, country 
names are abbreviated to two letters using the ISO3166-1 alpha-2 
classification. Even though differences in sample sizes were observed 
between the different study locations, WBE data was collected in each 
location relative to the COVID-19 policy changes, covering an appro
priate range of stringency indices. This approach ensured an appropriate 
evaluation of the association between the stringency index and the 
zPNML of the different stimulants in each region. Figures S2-S8 show the 
distribution of datapoints during the sampling period for each OxCGRT 
subindex.

Each laboratory applied their in-house validated analytical meth
odologies for the determination of the stimulant biomarkers in influent 
wastewater (including amphetamine, benzoylecgonine, MDMA and 
methamphetamine). Cocaine use was measured through benzoylecgo
nine, its human metabolic excretion product. These analytical methods 
shared the following similarities: i) influent wastewater samples were 
spiked with isotope-labelled internal standards; ii) use of direct injection 
or solid-phase extraction as sample preparation step after removal of 
suspended solids; iii) compound identification and measurement using 
liquid-chromatography coupled to tandem mass spectrometry. Quality 
control (QC) was assured through external validation in the inter
laboratory SCORE exercise and in-house QC measures (van Nuijs et al., 
2018). No correction factors were used to back-estimate the population 
normalized mass loads (PNML).

Statistical analysis: multiple linear regression models

In order to compare changes in stimulant use across WWTPs, Z-score 
normalization was performed by subtracting the mean PNML of the 
location from the daily value and dividing by the standard deviation. A 
multiple linear regression (MLR) model was fitted for the z-score 
normalized PNML of the different stimulants (zPNML, Equation 1) to 
evaluate the impact of temporal changes in the OxCGRT stringency 
index on stimulant use, accounting for possible effects of weekend (Sat- 
Sun) versus week (Mon-Fri) and location (Boogaerts et al., 2022). The 
model covered all available WBE data from each site across 2019–2022 
(covering both the pre-pandemic period and the COVID-19 pandemic) 
with different sample sizes between WWTPs depending on data avail
ability. Time periods for each location were selected based on their 
relevance for decision-making and availability of WBE data. In most 
WWTPs, the sample size was sufficiently high (N ≥ 3 weeks) to ensure 
adequate statistical power. However, in a minority of WWTPs with a 
more limited number of observations, a non-significant effect could also 
be related to lower statistical power rather than the absence of an 
interaction. No analysis plan was pre-registered prior to statistical 
analysis. Data processing, statistical analysis, and visualization was 
performed with R (version 4.5.1) using the lme4 (version 1.1–37), 
multicomp (version 1.4–28) and multicompView packages (version 
0.1–10) (R Core Team, 2022; Wickham et al., 2019). 
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zPNML ∼ StringencyIndex + Location + weekWeekend + StringencyIndex

: Location + weekWeekend : Location + StringencyIndex

: weekWeekend 

Equation 1. MLR model to estimate the effect of the stringency 
index on the z-score normalized population-normalized mass loads 
(zPNML) of different stimulants. The PNML in each location was 
normalized according to the location mean and standard deviation.

Fixed effects included one continuous and two categorical variables: 
i) the OxCGRT stringency index (=Stringency Index, continuous), ii) the 
distinction between the weekdays and the weekend (=weekWeekend, 
categorical), whereby the weekend was defined as Saturday and Sunday, 
and iii) a location term (=Location, categorical) modelling the differ
ences in stimulant use between the sampling locations. An interaction 
term (=Stringency Index:Location) was included in the model to test 
whether the effect of the stringency index on the zPNML differed be
tween the locations. The MLR model was simplified in a stepwise 
backward way, beginning with the interaction terms. An F test was 
applied to test the significance of each parameter in the model, with a 
significance level of α=0.001. In case of a significant Stringency index: 
Location interaction, the impact of the stringency index on the zPNML is 
not constant across the different locations. When a significant week
Weekend:Location interaction exists, the week-weekend effect was 
different across locations. In these cases, a separate model was fitted for 
each location. Contrastingly, when the Stringency index:Location inter
action was non-significant, the effect of the stringency index is the same 
in all locations. We also attempted to evaluate models that compared 
impacts of the stringency index between weekends and weekdays 
through the Stringency Index:weekWeekend interaction term (Boogaerts 
et al., 2022). In the case of a significant Stringency Index:weekWeekend 
interaction, the impact of the stringency index on the zPNML of the 
different stimulants should be assessed separately for workweek and 
weekend days. The requirements for homoscedasticity were fulfilled for 
all stimulants across the different study locations. Additionally, the 
regression plots can be found in the Supplementary Information (S.4.) to 
assess linearity between Stringency Index and the zPNMLs.

Secondly, a similar statistical framework was used to evaluate the 
effect of the different subindices on the zPNML, as described by Equation 
2. Separate MLR approaches with one subindex per model were con
structed to assess the impact of specific policy changes on the zPNML of 
the different stimulants while avoiding potential issues arising from 
multicollinearity. In each MLR model, subindex Cn refers to the specified 
subset of interventions, with C1 = school closures; C2 = workplace 
closures; C3 = cancellation of public events; C4 = restrictions on gath
erings; C6 = stay-at-home measures; C7 = domestic travel bans; and C8 =

international travel restrictions. Subindex C5, i.e. closure of public 
transport, was not assessed since it was constant in most WWTPs. Sub
index H1, i.e., public information campaign, was also not considered for 
this analysis since it was not classified as a containment and closure 
indicator by OxGRT. This coding and associated nomenclature was 
adopted directly from Hale et al. (2021).

Figures S2-S8 visualize the distribution of datapoints for each sub
index during the sampling period in each location. The codependency of 
the different subindices was not evaluated using these models (see 
Section 5). 

zPNML ∼ SubindexCn + Location + weekWeekend + subindexCn:location

+ weekWeekend

: Location + subindexCn:weekWeekend 

Equation 2. MLR model to estimate the effect of different subindices 
of the OxCGRT stringency index on the zPNML of different stimulants. 
The PNML in each location was normalized according to the location mean 
and standard deviation.

The reported associations between the stringency index and the 

zPNML of the different stimulants should be interpreted at a local scale 
and should not be extrapolated to a national level, as local differences in 
population behavior, impact of the COVID-19 policy changes on stim
ulant use, and other contextual factors may result in heterogeneous ef
fects across locations.

Results

Daily variations in stimulant use

For all stimulants, the weekWeekend:Location interaction was sig
nificant (p < 0.001) indicating that daily variations in stimulant use 
were different across locations. Therefore, separate models were fitted 
for each location.

Cocaine
Variations in the week-weekend effect on the zPNML of benzoy

lecgonine were observed across the different WWTPs (see Figure S9). In 
the absence of a statistically significant weekWeekend effect, stimulant 
use did not significantly differ between the workweek and weekend. 
When the weekWeekend term was statistically significant with a posi
tive coefficient estimate, stimulant use was higher during the weekend 
compared to the workweek. In general, the error bars were also larger 
for the coefficients of week-weekend term because of lower proportion 
of datapoints in the weekend in some locations. In 32% of locations, no 
significant differences in cocaine consumption were found between the 
workweek and weekends. In the other 68% of WWTPs, cocaine use was 
on average higher during the weekend.

Amphetamine
WBE data were only reported in 32 of the studied WWTPs; in the 

remaining 16 WWTPs, no quantifiable data on amphetamine were 
available. A significant week-weekend effect was only found in 9% of 
WWTPs with higher use of amphetamine during the weekends (see 
Figure S10), including Innsbruck (AT), Helsinki (FI), and Tampere (FI). 
In the other WWTPs, amphetamine use remained stable throughout the 
week.

MDMA
In San Pedro de la Paz (CL), Castellón (ES), Palermo (IT) and Rome 

(IT), the measured concentrations of MDMA were negligible (below 
limit of quantification (LOQ) in the majority of samples) and, therefore, 
these WWTPs were not considered for this inter-country comparison. For 
MDMA, the week-weekend effect was significant in 41% of WWTPs with 
higher consumption observed during the weekend compared to the 
weekdays (see Figure S11). In AU, CY, ES, GB, GR, IT, LV, PT and US, the 
week-weekend term did not significantly impact the zPNML of MDMA in 
each location.

Methamphetamine
Methamphetamine concentrations were above the LOQ in only 37 

WWTPs. In all locations, the time of the week did not have a significant 
effect on the zPNML of methamphetamine (see Figure S12). The use of 
methamphetamine remained the same during the workweek and 
weekend.

Effect of the OxCGRT stringency index on stimulant use

A significant interaction was found between the OxCGRT stringency 
index and the location (p < 0.001). For this reason, the zPNML of the 
different stimulants were assessed in each location separately and results 
were not combined. Exact p-values can be retrieved in Tables S3–6. 
Additionally, the interaction between the stringency index and week- 
weekend effect was non-significant for all stimulants with the lowest 
p-value observed for MDMA (p = 0.007), indicating that the model 
should not be separated for workweek and weekend days.
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Fig. 1 visualizes the log(p-value) of the stringency index in each MLR 
model (Equation 1) on the zPNML of the different stimulants in each 
study location. The symbol indicates whether there is a positive (tri
angles) or negative (dots) linear relationship between the stringency 
index and the zPNML. A positive coefficient indicates that the mean 
zPNML increases with increasing stringency index values, while a 
negative coefficient implies that increases in severity of the policy 
changes are associated with lower values of the zPNML i.e. decrease in 
stimulant use. Higher absolute coefficients are associated with a larger 
impact of the stringency index on stimulant use. It is important to note 
that correlations between zPNML and the stringency index or its specific 
subindices do not necessarily imply causal relationships.

Cocaine
In 77% of WWTPs, there was no significant linear relationship be

tween the stringency index and the zPNML. In 15% of WWTPs, a sig
nificant negative linear relationship was found between cocaine use 
(measured through benzoylecgonine) and the stringency index, with the 
lowest p-values observed in Innsbruck (AT), Limassol (CY) and Castellón 
(ES). On the contrary, a significant positive linear relationship was 
found between cocaine use and the stringency index in 9% WWTPs, with 
the most significant association found in Edmonton (CA), San Pedro de 
la Paz (CL), and Taupo (NZ). Even within specific countries, significant 

variations were observed, further highlighting the heterogenous effect 
of the COVID-19 policy changes on cocaine use. For example, in CY, a 
negative relationship was found in Limassol and Paphos, while a positive 
relationship was observed in Larnaca. At the same time, no significant 
relationship could be found in the other locations.

Amphetamine
A negative relationship was found between the stringency index and 

the zPNML of amphetamine in Innsbruck (AT), and Larnaca (CY). On the 
contrary, there was a positive relationship between both variables in 
Brussels (BE), Helsinki (FI), and Athens (GR). In 84% of WWTPs, the 
zPNML of amphetamine did not alter significantly when the stringency 
index changed.

MDMA
In San Pedro de la Paz (CL), Castellón (ES), Palermo (IT) and Rome 

(IT), the measured concentrations of MDMA were negligible (below 
limit of quantification (LOQ) in the majority of samples) and, therefore, 
these WWTPs were not considered for this inter-country comparison. No 
significant linear relationship was found in 77% of WWTPs. In ES, FI, 
GB, IT, LT, LV, NZ, PT, and US, the zPNML of MDMA remained unaf
fected by changes in the stringency index. In 18% of WWTPs, the zPNML 
of MDMA was negatively correlated with the stringency index, with the 

Fig. 1. Inter-country comparison of the significance of the impact of the stringency index on stimulant use. The dotted line represents the significance level log 
(0.001). Lower log(p-values) are associated with higher levels of significance. The size of the symbols represents the absolute value of the estimates of the regression 
coefficients and the symbol the sign of the estimate. In case of a significant linear relationship between the stringency index and zPNML (p < 0.001), the dot is colored 
in blue. A positive regression coefficient means the average zPNML increases with increasing stringency index values, whereas a negative regression coefficient means 
that an increase in stringency index values is associated with a lower value of zPNMLs. Locations were grouped by geographical region: Americas (green), Europe 
(blue), Oceania (purple). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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most significant effect observed in Melbourne (AU), Vancouver (CA), and Antwerp (BE). Contrastingly, a positive relationship between the 

Fig. 2. (A): Inter-country comparison of the significance of the impact of the different subindices on stimulant use. (B): Intra-country comparison in Belgium with 
detailed step-by-step guide on interpreting the differences. The orange line represents the significance level log(0.001). Lower log(p-values) are associated with 
higher levels of significance. The color of the symbols represents the different subindices, the size of the symbols represents the absolute value of the estimates and 
the symbol the sign of the estimate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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stringency index and the zPNML was only found in Boom (BE) and 
Edmonton (CA).

Methamphetamine
In 75% of studied WWTPs, there was no significant linear relation

ship between the stringency index and the zPNML (see Fig. 1 and 
Table S6). A negative linear relationship between the stringency index 
and zPNML was found in 19% of WWTPs, while a positive relationship 
was observed in only 5% of WWTPs (e.g. Rome and Whangarei). There 
was a large decrease in the use of methamphetamine in FI in each 
location (i.e., Espoo, Helsinki, Tampere, and Turku), when the strin
gency of the COVID-19 measures increased. Similar to the other stimu
lants, intra-country differences in the effect of the stringency of the 
measures on methamphetamine use were also found.

Effect of different OxCGRT subindices on stimulant use

In this section, the effect of specific COVID-19 interventions on the 
use of different stimulants was assessed through the use of different 
OxCGRT subindices. As stated in the study limitations, the hetero
genicity of the dataset can also impact the outcomes of this MLR anal
ysis, with a higher level of uncertainty observed in WWTPs with smaller 
sample sizes. However, the sample sizes in the included WWTPs were 
sufficient to perform the statistical analysis and the changes in the 
zPNML can primarily be attributed to the effect of specific policy in
terventions. The sample size was evaluated for each subindex individ
ually, as visualized by the distribution of data points in Figures S2-S8. 
For some locations, the number of datapoints were more limited 
compared to others (e.g., CL, CY, GR, GB, IT), resulting in higher un
certainty for the coefficients for the subindices.

The interaction between the different subindices and the week- 
weekend effect was non-significant for all compounds and sub
categories (p < 0.001), except for the interaction between the interna
tional travel restrictions and week-weekend effect of benzoylecgonine (p 
= 0.0001). To avoid further model stratification and preserve an inter
pretable statistical framework across stimulants and subindices, the 
model was not split into week and weekend days.

Cocaine
Fig. 2 visualizes the log(p-value) of the different subindices in each 

MLR model (Equation 2) on the zPNML of the different stimulants in 
each study location. The size of the symbols represents the absolute 
value of the estimates for the respective subindices. Important to note is 
that the sizes should only be used to compare the same subindex across 

WWTPs. Intra- and inter-country differences were found for the impact 
of the different subindices on cocaine use (see also Figures S14-S20). 
International travel restrictions had the strongest negative relationship 
with zPNML of benzoylecgonine affecting 25% of the study WWTPs, 
followed by cancellation of public events (25%), restrictions on social 
gatherings (21%) and workplace closures (21%). The zPNML of ben
zoylecgonine was positively correlated with any subindex in ≤10% of 
WWTPs. Specific information on estimate sizes can be found in Section 
S.2.

Amphetamine
Similar to cocaine, the MLR models highlighted significant intra- and 

inter-country differences between the effect of the different subindices 
and the zPNML of amphetamine (see Fig. 2 and Figures S21–27). 
Amphetamine use remained stable during the COVID-19 pandemic in 
>60% of WWTPs, but decreased when public events were cancelled in 
16% of WWTPs. Cancellation of public events, restrictions on social 
gatherings, and school closures also resulted in a decrease in amphet
amine use in 16% of WWTPs. Contrastingly, amphetamine use increased 
in 19% of WWTPs when restrictions on social gathering were imple
mented, highlighting different responses to governmental mandates 
across different sites.

MDMA
Intra- and inter-country differences were observed in the effect of the 

different subindices on the zPNML of MDMA (see Fig. 2 and Figures S28- 
S34). School closures and cancellation of public events showed the best 
association with a decrease in MDMA use (18% of WWTPs), followed by 
restrictions on gatherings (16%) and international travel restrictions 
(16%). In >75% of WWTPs, specific COVID-19 policies did not correlate 
with significant change in MDMA use. The zPNML of MDMA was posi
tively correlated with any subindex in ≤7% of WWTPs.

Methamphetamine
For methamphetamine, spatial variations in the impact of the sub

indices on the zPNML were also observed (Fig. 2 and Figures S35–41). 
International travel restrictions negatively impacted the zPNML of 
methamphetamine in 24% of WWTPs, followed by cancellation of public 
events (22%), and school closures (19%). Methamphetamine use 
remained stable in >70% of WWTPs when more severe measures went 
into effect. In ≤11% of WWTPs, the zPNML of methamphetamine was 
positively correlated with any subindex.

Fig. 2. (continued).
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Discussion

In the majority of WWTPs, stimulant use was not significantly 
affected by the COVID-19 interventions or even continued to rise when 
more stringent measures were present. The MLR models showed that the 
use of methamphetamine decreased to the largest extent when the 
stringency of the policy increased, with a negative relationship found in 
19% of WWTPs. Similarly, a negative effect size was observed for MDMA 
in 18% of WWTPs, for cocaine in 15% and for amphetamine in 6%. 
While the use of methamphetamine has been established in Central 
Europe, AU, CA, NZ, and the US for years (Australian Crime Intelligence 
Commision, 2024; Chappell et al., 2022; Gonzalez-Marino et al., 2020), 
this substance only emerged during the late 2010s on the Western Eu
ropean drug market. Therefore, the methamphetamine trends in West
ern European countries should be interpreted within this growing 
market (European Monitoring Centre for Drugs and Drug Addiction, 
2021). Table 1 identifies additional eligible WBE studies resulting 
from a narrative literature review along with their main outcomes.

The statistical analysis highlighted variations in the effect of strin
gency index on the zPNML among the different stimulants, but also 
intra- and inter-country differences for specific stimulants. For example, 
restrictive measures led to a decrease in methamphetamine use in all 
Finnish WWTPs, while cocaine and MDMA consumption remained sta
ble in the majority of WWTPs. On the other hand, amphetamine use 
increased in Helsinki, when more stringent measures were present. 
Gunnar and Kankaanpää showed that the changes in amphetamine and 
methamphetamine use could also be attributed to normal market fluc
tuations between both substances (Gunnar and Kankaanpää, 2019), and 
not be solely attributed to the COVID-19 restrictions (EMCDDA, 2024). 
A joint report between law enforcement and the Finnish Institute for 
Health and Welfare from June 2020 also confirmed that amphetamine 
remained the most dominant stimulant in the metropolitan area (Police 
of Finland, 2020). In addition, MDMA use decreased in Melbourne (AU) 
when more stringent COVID-19 measures were in place, while their 
effect on its consumption was limited in most WWTPs in NZ. It should 
also be emphasized that COVID-19 restrictions were designed to protect 
the population from viral transmission and not to mitigate drug use. In 
Melbourne, the effect of increased stringency had the most significant 
impact on the use of MDMA, which could potentially be attributed to its 
decline in availability prior to the full stay-at-home measures or gradual 
increase on restrictions on social gatherings and public events resulting 
in declined demand (Chen et al., 2024). A decrease in MDMA use with 
increasing stringency measures was also observed in other AU regions, 
including the Australian Capital Territory, New South Wales, Queens
land, Tasmania, South Australia, Victoria, and Western Australia, as 
shown in Figure S51. Intra-country differences in stimulant use were 
also found for the US in response to the COVID-19 policy changes. While 
a decrease in COC use was reported in Seattle when the OxCGRT strin
gency index increased as a result of the lockdown measures, its con
sumption increased in a Northeastern University town and in 
communities in Tennessee and Kentucky (Luo et al., 2023).

The demand of stimulants in nightlife settings, primarily MDMA and 
cocaine, could potentially have decreased in the short term by the 
closure of this sector and cancellation of festivals, especially in regions 
with a large share of clubs and cafes. Our results for cocaine and MDMA 
show that 16–25% of WWTPs were negatively affected by the closure of 
public events (subindex C3) and restrictions on social gatherings (sub
index C4), while amphetamine and methamphetamine were impacted to 
a lower extent. This suggests that people continued to use stimulants 
even during home confinement, or that people who use drugs dis
regarded stay-at-home measures in these areas. In <9% of study 
WWTPs, a significant week-weekend pattern was found for amphet
amine and methamphetamine, while weekend increases were observed 
for cocaine and MDMA in respectively 31 and 41% of WWTPs. This 
finding further supports the observation of the European Web Survey on 
Drugs that cocaine and MDMA are associated to a higher extent with 

nightlife settings compared to amphetamine and methamphetamine 
(EUDA, 2025). According to the European Web Survey on Drugs 2024, 
51% of respondents who used amphetamine and 44% of those who used 
methamphetamine reported they used the drug to stay awake. On the 
other hand, >75% of respondents who used MDMA or cocaine powder 
reported that they used the drug to get high or for fun (EUDA, 2025).

The mixed outcomes between countries could be explained not only 
by the geographical variations in the COVID-19 restrictions and re
laxations, but also by confounding variables such as drug market dis
ruptions, demand changes, population habits and movement variations. 
The supply-demand dynamics affecting stimulant use likely changed 
during the COVID-19 period (EMCDDA, EUROPOL, 2020). Demand may 
have changed due to the reduced social gatherings, or the increased 
stressors people experienced at the time. Supply could have been 
impacted by mobility-related changes brought by limited/banned local 
and international travel, both in source and destination countries or 
regions (EMCDDA, EUROPOL, 2020). However, a cautious statement 
based on our results could be made that drug trafficking, supply and 
distribution strategies and patterns in stimulant use adapted quickly in 
the majority of locations to overcome the COVID-19 restrictions 
(EMCDDA, 2020; EMCDDA, EUROPOL, 2020). According to the 2020 
joint report from the EUDA and EUROPOL, the production of synthetic 
drugs, including amphetamines, continued in the main production zones 
in BE and NL (EMCDDA, EUROPOL, 2020), as reflected by the amount of 
illicit laboratories dismantled and reporting of dump sites across this 
region. In CY, the COVID-19 restrictions did not have a significant 
impact on the use of amphetamine and methamphetamine in the ma
jority of WWTPs. As indicated by Psichoudaki et al. (2023), local pro
duction and supply of amphetamines in CY could compensate to some 
extent for the decreased imported amounts (Psichoudaki et al., 2023).

Additionally, cocaine traffic to Europe using maritime shipping was 
seemingly not altered by the different restrictions, as evidenced by the 
frequent seizure of large shipments at main European ports during the 
pandemic (EMCDDA, EUROPOL, 2020). Our findings show that the use 
of cocaine remained largely unaffected by the international travel re
strictions in the majority of European WWTPs. The quick adaptation of 
criminal networks to the situation could also be reflected by the increase 
in cocaine trafficking by post and parcel services largely driven by the 
darknet markets (EMCDDA, EUROPOL, 2020). It is also possible that 
large stocks of cocaine were already available in European countries. It 
should be noted that subindices C7 and C8 were largely linked to the 
travel restrictions for passengers, but transport of goods was not influ
enced to the same extent by the COVID-19 restrictions. Contrastingly, 
the international travel restrictions were negatively associated with 
cocaine use in NZ, indicating that cocaine traffic might have been dis
rupted during the pandemic.

A key methodological consideration in this study is the assumption of 
a linear association between the OxCGRT stringency index and zPNML 
of stimulants. The MLR framework tests whether increases in policy 
stringency are associated with proportional increases or decreases in 
stimulant use. However, behavioural and market responses to public 
health restrictions are unlikely to follow strictly linear dynamics. Drug 
consumption may exhibit threshold effects (e.g., abrupt changes once 
nightlife venues close), delayed responses due to supply-chain disrup
tions, temporary reductions followed by rapid adaptation, or rebound 
effects after restrictions are eased. Similarly, the stringency index ag
gregates multiple interventions that were often implemented simulta
neously, potentially producing stepwise rather than gradual behavioural 
shifts. Therefore, a non-significant linear coefficient does not necessarily 
imply absence of an effect, but rather absence of a monotonic linear 
relationship. Future work could apply generalized additive models, 
segmented regression, distributed lag models, or interrupted time-series 
approaches to explicitly explore potential non-linear and lagged re
sponses. Incorporating such flexible modelling strategies may provide 
additional insight into the temporal dynamics of stimulant markets 
during large-scale policy disruptions. It is also important to note that the 
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Table 1 
Overview of all WBE investigations that evaluate the effect of COVID-19 policy changes on stimulant use. AMP = amphetamine; BE = benzoylecgonine; MDMA = 3,4- 
methylenedioxymethamphetamine; METH = methamphetamine.

Year Study Biomarkers Number of 
WWTPs [ISO 
code]

Number of 
samples (time 
period)

Main findings

2021 Been et al. (2021) 11-Nor-9-carboxy-Δ9-tetrahydrocannabinol, 
amphetamine, benzoylecgonine, cocaine, 
MDMA, methamphetamine

7 [EU] 294 (2015–2020) • Heterogeneous effects of lockdown-imposed mea
sures on illicit drug use in different countries

• Changes in weekly patterns were observed
2021 Reinstadler et al. 

(2021)
24 illicit drugs and pharmaceuticals 1 [AT] 327 (2016–2020) • During the lockdown period, changes in the 

consumption of illicit drugs and pharmaceuticals for 
short-term application were observed

• These changes were linked to the closure of 
hospitality industry and event cancelation

2021 Alygizakis et al. (2021) Wide-scope target and suspect screening of 11 
286 compounds (targeted analysis for 
stimulants)

1 [GR] 22 (2019–2020) • MDMA decreased significantly during the 
lockdown, potentially as a result of the stay-at-home 
measures and nightlife closures

• Amphetamine, cocaine and methamphetamine use 
increased during the lockdown phase, highlighting 
that people who use drugs maintained access to 
these stimulants despite the strict measures

2021 Bade et al. (2021) Alcohol, cannabis, cocaine, MDMA, 
methamphetamine

20 [AU] 3041 
(2016–2020)

• Decrease in the use stimulants and alcohol during 
the lockdown phase

• Decrease in week/weekend ratios for cocaine, 
MDMA and alcohol during the lockdown

2021 Montgomery et al. (
Montgomery, Bowers 
and Subedi, 2021)

29 illicit drugs and pharmaceuticals 2 [US] 80 (2020) • During the first 2 months of the public health crisis, 
there was an increase in stimulant use in both 
WWTPs

• Higher consumption of methamphetamine in rural 
communities

2022 Boogaerts et al. (2022) Amphetamine, benzoylecgonine, 
methamphetamine

4 [BE] 362 (Sep 2019; 
Mar 2020-Jun 
2020)

• The use of amphetamine, cocaine and MDMA 
remained stable in 2020 during the first wave of the 
COVID-19 pandemic compared to 2019

• Mobile phone mobility data showed a 30–50% 
decrease in the number of people present in the 
catchment area during the lockdown period

2022 Love et al. (2022) Amphetamine, cocaine, cannabis, MDMA, 
methamphetamine

2 [IS] 126 (2017–2020) • The use of amphetamine, methamphetamine and 
cannabis increased during COVID-19 pandemic, 
while the use of cocaine decreased

• The use of MDMA remained stable compared to the 
pre-pandemic period

2022 Di Marcantonio et al. 
(2022)

Methamphetamine, benzoylecgonine, cocaine, 
lincomycin, trimethoprim, sulfamethoxazole, 
sulfadiazine, carbamazepine, ketoprofen, 
caffeine

2 [IT] 84 (2019–2020) • Increase in the use of cocaine during the COVID-19 
restrictions

2022 Estevez-Danta et al. 
(2022)

Amphetamine, benzoylecgonine, cocaine, 
cotinine, ethyl sulphate, MDMA, 
methamphetamine, THC–COOH, trans-3′- 
hydroxycotinine

4 [ES] 
2 [PT]

194 (2019; Mar 
2020 – Jul 2020)

• No significant changes were found in the PNML 
compared to previous years, except for 
benzoylecgonine. Benzoylecgonine increased in 
Porto and Santiago de Compostela, while it 
decreased in Castellon

• Contradictory conclusions were found between 
different epidemiological data sources

2022 Hahn et al. (2021) Amphetamine, caffeine, cocaine, MDMA, 
Methamphetamine, nicotine, and THC

1 [BR] 347 (Mar 2020- 
Mar 2021)

• Decrease in stimulant use during the COVID-19 
pandemic, probably resulting from stay-at-home 
recommendations and reduced access

• A negative correlation between MDMA use and 
human mobility

2023 Verhagen et al. (2023) Benzoylecgonine, cotinine, MDMA, 
methamphetamine and noroxycodone

43 [AU] 501 (2019–2020) • Cocaine and MDMA use was higher in 2020 in half 
of the locations when compared to 2019

• Methamphetamine use decreased in half of the sites 
by >25% from 2019 compared to 2020

• Cocaine consumption showed clear differences 
between the level of remoteness of the catchment 
areas

2023 Psichoudaki et al. 
(2023)

Amphetamine, benzoylecgonine, MDMA and 
methamphetamine

6 [CY] 300 (2019–2022) • During home confinement, the use of amphetamine 
and methamphetamine did not decrease. As drug 
availability was limited over time, a strong decrease 
in their consumption was reported post- 
lockdownThe social measures have led to a decrease 
in the use of cocaine and MDMA. Re-opening of 
activities resulted in a significant increase in their 
use

2023 Luo et al. (2023) Amphetamine, benzoylecgonine, MDMA and 
methamphetamine and 10 priority opioids

1 [US] 46 (Sep 2018- 
Aug 2020)

• There was a notable decrease in the use of 
amphetamine, cocaine and MDMA was observed in 
April 2020

(continued on next page)
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absence of a statistically significant association in a given WWTP does 
not necessarily imply that stimulant use was unaffected by COVID-19 
interventions. Statistical non-significance may reflect limited sample 
size, reduced variability in the stringency index during the sampling 
window, or unmeasured confounding factors masking underlying 
behavioural changes. Moreover, rapid market adaptation or short-term 
disruptions may not be captured by a linear association across the full 
study period. Therefore, the interpretation of stable trends should be 
made cautiously and in the context of analytical and structural con
straints inherent to multi-site retrospective analyses.

Increased cocaine prices and decreases in its availability were re
ported in multiple European countries (e.g., CY, FR, ES) at the onset of 
the pandemic (EMCDDA, EUROPOL, 2020). In other countries, cocaine 
prices and availability remained mostly unaffected by the COVID-19 
pandemic (e.g. in BE and NL). Heterogeneous price and availability 
trends were also observed for synthetic drugs such as amphetamine, 
MDMA and methamphetamine (EMCDDA, EUROPOL, 2020). These 
underlying drug market changes in response to the pandemic could also 
potentially explain the heterogeneous effect of the stringency index on 
the zPNML of these stimulants in different WWTPs. For example, unaf
fected drug prices and no shortages in the availability of cocaine in BE 
and NL in 2020 could potentially explain why their use remained mostly 
unchanged by the stringency of the measures in the majority of WWTPs.

The results of this study clearly demonstrate that WBE can measure 
short-term changes in stimulant use, which may have changed based on 
policy changes affecting either supply or demand. The mixed results 
could partially be described by the complex spatial variations in the 
COVID-19 policies in the different countries (or even jurisdictions within 
countries), but also by the underlying trends in the illicit drug markets in 
response to these measures. In some locations, the equilibrium of local 
drug markets might have been significantly disrupted by the social re
strictions, while its operability was less impacted in other areas 
(EMCDDA, EUROPOL, 2020). The inter-country variations in the impact 
of the stringency index on stimulant use could potentially also be 
explained by the different periods of sample collection relative to the 
COVID-19 policy changes. To counter this, a broad range of time periods 
were selected by the contributing laboratories in order to cover a wide 
range of different OxCGRT stringency index values. Similar restrictions 
were enforced in different countries during the initial phases of the 

COVID-19 pandemic, as evidenced by similar OxCGRT stringency 
indices (see Figure S50). At the onset of the pandemic, many countries 
shared a high degree of commonality with most initially imposing 
stricter restrictions, followed by easing the restrictions. However, there 
was a variation in the intensity and geographical coverage of these 
policies. As the months that restrictions were in place grew, OxCGRT 
reported a growing divergence in the stringency of the different mea
sures, as visualized in Figure S50. The public health crisis was complex 
and unfolded differently in each WWTP. This is reflected in the different 
effects observed on stimulant use between WWTPs, with no clear com
mon trends observed.

It should also be acknowledged that WBE reflects aggregated 
community-level consumption and does not provide information on 
individual-level behaviours, user subgroups, or distributional changes 
within the population, limiting causal inference regarding specific de
mographic or behavioural shifts.

Our results show that WBE could potentially further support poli
cymaking by measuring the short-term effects of specific policy changes 
on stimulant use with high spatiotemporal resolution. Its unique feature 
to compile consecutive daily estimates proves to be particularly useful to 
evaluate the direct effect of specific policy changes on stimulant use. For 
example, stimulant use and the underlying drug markets were impacted 
in different ways by the individual COVID-19 restrictions, such as the 
cancellation of public events, restrictions on gatherings, domestic and 
international travel bans, etc. The mixed effects across the study loca
tions underscore the added value of WBE for city- or community-level 
assessments, enabling policy-makers to finetune interventions to local 
contexts. Compared to traditional survey-based methods, WBE provides 
a scalable and cost-efficient approach to monitor entire urban pop
ulations, particularly useful in resource-constrained settings.

Study limitations

In this study we evaluated the difference between WBE from multiple 
locations and the location-matched OxCGRT indices and subindices. 
There are a few key limitations of this study relating to the OxCGRT and 
WBE data. Firstly, there may be a lag time between a policy change and a 
measurable effect in population use of stimulants, which may differ 
between locations, substances, and over time. This study heavily relies 

Table 1 (continued )

Year Study Biomarkers Number of 
WWTPs [ISO 
code] 

Number of 
samples (time 
period) 

Main findings

2023 Oertel et al. (2023) Amphetamine, benzoylecgonine, cocaine, 
cotinine, MDMA and methamphetamine

15 [DE] 860 (2020–2021) • In Dresden and Chemnitz, methamphetamine use 
increased during lockdown 1, but decreased starting 
from the summer 2020

• Stimulant use differed in general during the onset of 
the pandemic, but later restrictions had a more 
limited impact

2024 Ceolotto et al. (2024) Amphetamine, benzoylecgonine, cocaine, 
caffeine, cocaine, diclofenac, MDMA, 
methamphetamine, naproxen, nicotine and 
tramadol

4 [UK] 545 (Apr 2020 – 
Mar 2022)

• Cocaine use decreased during the national 
lockdown, followed by an increase in consumption

• Spatial variations were observed in the effect of the 
COVID-19 interventions on stimulant use

• Illicit drug use increased after the third national 
lockdown (amphetamine +8%, benzoylecgonine 
+39%) when restrictions were eased, and social and 
recreation activities restarted

2024 Chen et al. (2024) Benzoylecgonine, MDMA, methamphetamine 1 [AU] 660 (Jan 2020 – 
Dec 2021)

• Methamphetamine use increased before the start of 
the first lockdown and decreased after its end. A 
stable temporal trend was observed during the 
second lockdown and steeply increased after it 
terminated

• Cocaine use decreased at the start of the first 
lockdown and increased at the end the second 
lockdown

• MDMA use decreased after the start of the first 
lockdown and remained stable during 2020 and 
2021
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on the accuracy of the OxCGRT measurements and the OxCGRT 
trackers. Their measurements or pre-established categories may not fit- 
for purpose in every study location (e.g. observed discrepancies in Spain 
and Portugal) (Hale et al., 2021). The OxCGRT trackers are also national 
measurements and cannot fully compensate for differences at the city 
scale, especially in large jurisdictions with many heterogeneous sub
units. We included subnational information on the OxCGRT at state 
scale for AU and US to obtain more reliable inter-country comparisons. 
Finally, the OxCGRT only takes into account the number and degree of 
policy interventions, without measuring how strictly these measures 
were enforced, implemented, and adhered to by the population. Dif
ferences in compliance of the measures by the population are therefore 
not recorded or accounted for (Hale et al., 2021). However, the OxCGRT 
remains the most suitable method as there are no other standardization 
methods for the severity of the COVID-19 policy changes available 
globally.

Statistical non-significance could also be related to the limited 
sample sizes in specific locations and the impact of potential con
founding variables, including behavioural and contextual factors such as 
population mobility, socio-economic differences, and drug market 
changes. These potential confounders could not be systematically 
incorporated into the statistical models due to the lack of sufficiently 
detailed and standardized datasets across the study locations.

As for the WBE data, the lack of dynamic population data during the 
COVID-19 pandemic in PNML calculations is an important limitation. 
Population movements and habits were heavily disrupted by the SARS- 
CoV-2 countermeasures, such as social distancing and national lock
downs (Boogaerts et al., 2024; Reinstadler et al., 2021). Differences in 
commuting and different movement patterns could lead to changes in 
population size and sociodemographic composition of catchment areas 
(Boogaerts et al., 2023). The Google Mobility data was the only form of 
standardized data on a population’s mobility available in the majority of 
locations (Mathieu et al., 2020). This anonymized dataset contains in
formation on peoples’ movements throughout the pandemic, gathered 
from Google Location Services on mobile devices (e.g., use of Google 
Maps). Although the dataset was only available on a national scale, they 
show substantial population fluctuations across different types of places 
(e.g., parks, retail, workplace) during the different phases of the 
COVID-19 pandemic in the different countries (see Figure S49). This 
further highlights the need for dynamic population normalization to 
refine observed spatiotemporal trends.

In the current MLR models, conventional workweek/weekend days 
(Mon-Fri, and Sat-Sun) were used to compare workweek and weekend 
trends in the zPNML of the different stimulants. However, this classifi
cation does not always accurately reflect the actual excretion patterns of 
stimulants. The half-life and urinary excretion of these stimulants are 
highly variable and may extend over multiple days. To enable a 
consistent and transparent classification across sampling locations and 
compounds, the conventional workweek/weekend categorization was 
considered the most appropriate approach for the present analysis.

Additionally, non-overlapping WBE datasets and associated data 
gaps may further limit the spatial interpretation of the effect of the 
stringency index on illicit drug use. However, this retrospective study 
leveraged all available information from the 17 included countries. 
Furthermore, the measured PNML of amphetamine can be the result of 
both amphetamine and methamphetamine consumption due to meta
bolic overlap, in addition to metabolism of legally prescribed medica
tion for attention deficit and hyperactivity disorder (ADHD) treatment. 
The contribution of amphetamine derived from methamphetamine and 
legal sources deviates in each country and confounds the sources of 
amphetamine measured in wastewater (Gao et al., 2022).

Conclusion

This large-scale multi-country investigation demonstrates that the 
effects of COVID-19 policy interventions on stimulant use were highly 

heterogeneous and strongly context-dependent, reflecting complex in
teractions between local drug markets, behavioural adaptation, and 
structural restrictions. In most locations, stimulant consumption did not 
exhibit a consistent linear association with policy stringency, suggesting 
either rapid market resilience or behavioural adjustments that were not 
uniformly captured by aggregated policy indicators. Where associations 
were observed, they varied across substances and jurisdictions, under
scoring the limitations of assuming uniform responses to broad 
containment measures.

Beyond its substantive findings, this study highlights the evolving 
role of wastewater-based epidemiology as a responsive, population-scale 
monitoring platform capable of capturing rapid changes in substance 
use during periods of societal disruption. The observed variability em
phasizes that policy impacts on illicit drug markets are neither uniform 
nor predictable and must be evaluated within local structural and sup
ply–demand contexts. Future integration of WBE with dynamic popu
lation normalization, mobility indicators, and advanced time-series 
modeling could further strengthen its utility as a real-time decision- 
support tool for public health and drug policy governance.
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Rudminienė: Writing – review & editing, Visualization, Resources, 
Investigation. Brigita Rasimaite: Writing – review & editing, Valida
tion, Resources, Investigation. Lisa Oliver: Writing – review & editing, 
Validation, Resources, Investigation. Ricardo Capela: Writing – review 
& editing, Validation, Resources, Investigation. Barbara Kasprzyk- 
Hordern: Writing – review & editing, Validation, Resources, Investi
gation. Viviane Yargeau: Writing – review & editing, Validation, Re
sources, Investigation. Carol Perez-Iratxeta: Writing – review & 
editing, Validation, Resources, Investigation. Andressa S. Reis: Writing 
– review & editing, Validation, Resources, Investigation. Francisca 
Corthorn: Writing – review & editing, Validation, Resources, Investi
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