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Alcohol consumption poses a significant public health risk but alcohol may

Received: 16 September 2025  also be used as an anti-anxiolytic by the public. Understanding the actual change in
Revised: 7 November 2025 alcohol consumption behaviour is therefore important to formulate appropriate
Accepted: 18 November 2025 public health policies. This study, for the first time, employed wastewater-based
Published: 25 November 2025 €pidemiology (WBE) to estimate alcohol consumption in a catchment of
approximately 1.8 million inhabitants in the Kanto region, Japan. Twenty-four-hour

composite wastewater samples were collected over four weeks from September to

October 2021, during and after a COVID-19 lockdown period. Twenty-seven influent

wastewater samples were analysed for ethyl sulfate (EtS), an alcohol biomarker,

using the Liquid Chromatography-Tandem Mass Spectrometry (LC-MSMS) method

wastewater analysis; and used to estimate alcohol consumption. EtS was detected in all samples, with
COVID-19 restrictions; concentrations ranging from 11.8 to 45.5 pg/L. The average estimated alcohol
stimulant; ethyl sulfate; consumption in the study population was 52.9 + 15.3 mL/day/person, which is
LC-MS/MS higher than wastewater data from other countries. Alcohol consumption remained

stable throughout the week. Additionally, consumption decreased after the lockdown
(p < 0.001), and a strong positive correlation was observed between alcohol intake
and daily reported COVID-19 cases (r = 0.735, p < 0.001), likely reflecting population
mobility and behavioural responses to restrictions. Higher alcohol consumption
during the lockdown was likely due to increased use in private settings rather than

e Firstapplication of public spaces. This study provides the first objective evidence of alcohol
wastewater surveillance consumption prevalence in Japan and warrants a broader wastewater monitoring
to estimate alcohol program to inform policies reducing alcohol-related harm.
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Alcohol consumption, particularly heavy episodic
drinking remains a major public health concern in Japan.
The World Health Organization estimated per-capita
alcohol consumption among drinkers aged =15 years in
Japan at 14.1 L of pure alcohol in 2016, with 40% of
drinkers reporting heavy episodic drinking (260 g of pure
alcohol on at least one occasion in the past 30 days) [1]. A
nationwide study reported that 13.7% of adults engaged
in hazardous and harmful alcohol use and 5.7% in higher-
risk alcohol use or likely alcohol dependence [2]. Large
Japanese cohorts further associated alcohol use with
adverse health outcomes, including an increased risk of
breast cancer among premenopausal women [3], a higher
incidence of type 2 diabetes [4], and atherogenic lipid
changes [5]. Paradoxically, the Japanese government has
launched a campaign encouraging alcohol consumption
among the young population. This initiative aimed at
boosting the economy during the COVID-19 crisis by
reducing taxes on alcohol products from 3% in 2011 to 1.7%
in 2020 [6].

Understanding alcohol consumption behaviour of
Japanese population is essential to inform policies aimed at
tackling risky alcohol use and reducing alcohol-related
harm in the community. Traditional monitoring approaches
including self-report national surveys and sales/taxation
data have been providing important information but have
their own limitations. In Japan, the National Health and
Nutrition Survey reports annually drinking frequency and
proportions at different risk levels but does not provide
accurate estimates of absolute intake [7]. National survey data
are also subject to recall bias, restricted to representative
samples and were disrupted by the COVID-19 pandemic
(2020-2021). Sales and taxation records reflect alcohol
availability rather than actual consumption and do not
capture unrecorded consumption.

Wastewater-based epidemiology (WBE) addresses
these limitations by providing objective estimates of per
capita consumption using biomarker concentrations,
wastewater flow, population size and correction factor [8].
WBE has been widely applied to monitor alcohol
consumption in several countries and is now integrated
into national wastewater monitoring programs in some
Western countries [9-11]. In Japan, some WBE studies
were conducted to estimate pharmaceuticals and daily-
use compounds [12,13] but none have assessed alcohol
consumption. Importantly, WBE also enables continuous
monitoring during disruptions such as the COVID-19
pandemic when conducting national surveys was difficult.

Two common biomarkers, ethyl glucuronide and
ethyl sulfate (EtS), are used to back-calculate alcohol
consumption from wastewater analysis [14]. Ethyl
glucuronide proved to be less suitable due to its instability
in wastewater compared to EtS [15]. Notably, EtS is
regarded as a more reliable biomarker because it is only

produced in humans after alcohol consumption and is not
generated from ethanol present in wastewater [16].
Moreover, EtS are formed in small amounts after alcohol
intake, excreted in urine for a long time, making them
sensitive alcohol biomarkers. In this study, we applied
WBE to estimate the alcohol consumption in a large
metropolitan area of Japan in 2021. The study focused on
targeted ethyl sulfate (EtS) as a targeted alcohol
biomarker. These findings provide complementary
evidence to traditional approaches, offering more accurate
estimates to inform alcohol harm-reduction policies.

High-purity (>98%) analytical standards (EtS) and
their corresponding internal standards (ethyl sulfate-d5
(EtS-D5) were obtained from Sigma-Aldrich (Darmstadt,
Germany). Influent wastewater samples were collected
from a large sewage treatment plant (STP) in the Kanto
region of Japan, with a treatment -capacity of
approximately 750,000 m3/day. The catchment serves
about 1.8 million inhabitants covering 1.3% of Japan'’s
population.

Sampling was conducted over four weeks from 17
September to 13 October 2021, spanning the lockdown
and post-lockdown period. An autosampler was used to
collect 24-h time-proportional subsamples (40 mL every
30 min). These subsamples were combined to prepare
two separate composite samples for each day consisting
of daytime samples (8 AM-6 PM) and nighttime samples
(6 PM-8 AM). A total of 54 composite samples (27
daytime and 27 nighttime) were prepared. Immediately
after collection, all samples were acidified to pH 2.0 with
1M HCI to minimise biological degradation.

Wastewater samples were transported to Ochanomizu
University (Tokyo, Japan), filtered through single-use 0.2
um syringe filters with regenerated cellulose membranes
(Minisart RC 4, Sartorius™, Gottingen, Germany). The
filtrates were transferred into 1.5 mL glass amber vials.
Samples were frozen at -70 °C, shipped on ice to the
Queensland Alliance for Environmental Health Sciences
(QAEHS), The University of Queensland (Woolloongabba,
QLD, Australia), and stored at —20 °C until analysis.

Before LC-MS/MS analysis, frozen vials were thawed
at room temperature, vortexed, and spiked with 10 pL of
internal-standard mix (EtS-D5, 0.5 pg/mL). A 10 pL
aliquot was injected into a SCIEX 6500 QTrap triple-
quadrupole/linear-ion-trap mass spectrometer (Sciex,
Concord, ON, Canada) equipped with an electrospray




ionisation source in positive-ion mode, coupled to a
Nexera UHPLC system (Shimadzu Corp., Kyoto, Japan).

Chromatographic separation was performed using a
Kinetex Biphenyl column (50 x 2.1 mm, 1.7 um) with a
Kinetex EVO C18 guard column (30 x 2.1 mm, 5 um) at
45 °C. Mobile phases were (A) 5 mM ammonium acetate +
0.1% formic acid in water and (B) 5 mM ammonium
acetate + 0.1% formic acid in methanol; the gradient was
0-2.5 min (5 - 25% B), 2.5-5.5 min (25 - 55% B), 5.5-6.2
min (55 = 95% B), 6.2-7.9 min (hold 95% B), 7.9-8.0 min
(return to 5% B), with re-equilibration to 10 min at 5% B,
all at 0.45 mL/min. Data acquisition was performed using
Analyst 1.7.1, and quantification was carried out in
MultiQuant 3.0, utilising relative response factors
between native analytes and their isotopically labelled
internal standards.

Sample analysis followed strict quality assurance
and quality control (QA/QC) protocols. Quantification
used ten-point calibration curves (0.1-20 pg/L; Milli-Q
water, pH 2.0) with R% > 0.99 and linearity was confirmed
with a twelve-point curve. Calibration standards were
analysed at the start and end of each batch, with additional
spiked wastewater samples, procedural blanks, and
random calibration standards (0.5, 1, 5, 20 pg/L) plus
solvent blanks injected every 20 samples to monitor
instrument carry-over.

Accuracy was assessed from the recovery of native
standards (1 pg/L, n = 7) in acidified Milli-Q water while
precision was expressed as the relative standard
deviation (RSD) of replicate measurements normalised to
1 pg/L. Matrix effects were evaluated by post-spiking
wastewater samples (20 pg/L) and comparing them with
un-spiked samples, as follows:

3 Con ike—CONyn_spi —Cal
Matrix effect (%) - Post spike Calun spiked 20 X 100% (1)
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Values of 0% indicated no matrix effect, >0% ion
enhancement, and <0% ion suppression.

Limits of detection (LOD) and quantification (LOQ)
were based on replicate injections of the seven lowest
calibration levels. Values were considered acceptable
when accuracy was within 80-120% and precision within
20%. LOD and LOQ were further supported by signal-to-
noise (S/N) ratios of 3 and 10, respectively, based on
normalised standard solution concentrations.

The total daily per capita consumption (Viota, in
mL/day/person) was calculated by summing the separately
calculated consumption for the daytime and nighttime periods:

Viotal = Viday + Vhighe (2)

The consumption of alcohol for each period (Vperiod)
was back-calculated according to the following formula as
per [17]:

V.. — CEtS,period X Fperiod X CFalcohol
pertod P x Paicohol

(3)

where:

Vperiod is the consumption of alcohol per capita during
that specific period (day or night) in ml/person. Cts_period iS
the concentration of ethyl sulfate (EtS) as an alcohol
biomarker in the wastewater for the period (ug/L), F is the
total volume of the influent flow during that specific period
(L), CFaiconot is the correction factor applied (4000) [17], P is
the population served by STP, paiconos is the density of
alcohol (0.789 g/mL).

This study assessed differences in alcohol consumption
between weekdays and weekends using an Analysis of
Covariance (ANCOVA). The total daily alcohol consumption
was the dependent variable, the day of the week was the
categorical factor, and the sampling day number was
included as a covariate to control for the overarching
temporal trend observed during the study period.
Additionally, changes in per capita consumption during
and after the COVID-19 lockdown were further examined
with a t-test. The number of daily confirmed COVID-19
cases for the studied period was extracted from the
Ministry of Health, Labour and Welfare website [18].
Spearman’s rank correlation was applied to evaluate the
association between alcohol consumption and daily
COVID-19 cases over the same period. Statistical
significance was set at p < 0.05 and all analyses and plots
were performed in RStudio software (version 4.4).

EtS was consistently detected in all samples throughout
the study period. The mean EtS concentration was 30.4 +
8.5 pg/L, with values ranging from 11.8 to 45.5 pg/L. A
higher mean concentration was observed during the
lockdown period (36.5 + 5.6 pg/L) compared to the post-
lockdown period (24.8 * 6.7 ug/L). The mean mass load of
EtSwas 10.4 £ 3.0 mg/day/person, ranging from 4.5 to 16.9
mg/day/person. The analytical method met all acceptance
thresholds, including a LOD of 10 ng/L, a LOQ of 20 ng/L,
an accuracy of 98%, a precision of 1% RSD, and a matrix
effect of 4.1%, confirming the reliability of the results.

The findings indicated that alcohol consumption
remained stable throughout the week during the study
period (p = 0.158) (Figure 1). This pattern is consistent




with WBE studies from Vietnam and China [9,11,19], but
contrasts with findings from many Western countries where
consumption is typically highest on weekends [20-22]. A
multinational survey of regular drinkers across 14
countries revealed a general tendency to drink after 5 p.m.
and on weekends, forming a so-called “universal clock” of
drinking [23]. However, the weekly rhythm and the
consequences of drinking at specific times differ
substantially across cultures. In Japan, drinking after
work or “nomikai” is a common cultural practice and an
important part of social and professional life which may
partly explain the absence of a weekend drinking peak.
Moreover, while a lower educational background has
been associated with a higher risk of hazardous drinking,
higher socioeconomic status among men and working
women was associated with a higher risk for heavy
episodic drinking [24]. These results emphasise that day-
of-the-week consumption patterns cannot be generalised
across societies but must be interpreted within Japan’s
unique cultural and socioeconomic context.
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Figure 1. Estimated per capita alcohol consumption
across days of the week and comparison of daytime
and nighttime consumption. Blue diamond represents
the mean value.

In our study, alcohol consumption differed significantly
between daytime (8:00-18:00) and nighttime (18:00-8:00)
with higher levels observed during the daytime (p < 0.001)
(Figure 1). This pattern may be explained by the excretion
kinetics of EtS, a short-lived metabolite of ethanol with a
median half-life of 3.6 h [25] which reflects recent
consumption. EtS can still be detected in urine for up to 25
h and longer depending on the amount of alcohol intake
[26]. A study in four European cities showed that blood
alcohol concentration levels in drinking environments rose
significantly within five hours after the initiation of
drinking [27]. Therefore, higher levels observed during
the daytime may reflect the presence of EtS in wastewater

resulting from alcohol consumption during the preceding
nighttime hours. Pandemic-related restrictions also likely
influenced these patterns. From early 2021, the Tokyo
Metropolitan Government required pubs and restaurants
to close at 8 PM. and prohibited alcohol sales. Our
sampling coincided with the fifth state of emergency,
which extended across all 27 prefectures including Tokyo
and restrictions were only lifted on 30 September 2021 (day
14 of sampling) after six months of repeated extensions.

The estimated alcohol consumption in this study was
52.9 + 15.3 mL/day/person (~41.7 + 12.1 g/day/person)
which is comparable to findings from a previous wastewater
study in Turkey [28]. However, the levels observed here
were higher than those reported in WBE studies conducted
in China, the United States, and several Western countries
(Table 1). A systematic review on WBE studies also showed
that alcohol consumption in many Northern European
countries reached up to 118 mL/day/person, while the
lowest level was found in China [14]. Some of the
differences between this study and the previous ones may
be explained by methodological differences in the back-
calculation process. In this study, we applied a CF of 4000,
which was refined using national alcohol sales data with
national EtS mass load data from a national wastewater
monitoring program in Australia [17]. This updated CF
accounts for both the EtS excretion rate and degradation
during sewer transport, thereby improving the accuracy of
alcohol consumption estimates by WBE. To minimise the
influence of CF variability, the excreted mass load
(mg/day/person) was also included in Table 1 to enable
direct cross-study comparison. Overall, the findings
consistently support that the level of alcohol consumption
estimated in this study aligns with higher levels observed
in other countries.

Strict government control policies have been shown
to play an important role in reducing alcohol use in many
countries [29]. In Japan, alcohol consumption patterns are
also shaped by demographic and social factors with heavy
and moderate drinking linked to the ages 40-49 [30];
however, younger generations tend to drink less than
their parents. In response, the Japanese government
recently launched a campaign to promote drinking among
young adults in an effort to revitalise the alcohol industry.
In contrast, Japan’s legal blood alcohol concentration limit
for driving remains higher than that of many other Asian
countries, such as China and Vietnam [19,31]. Besides,
there are no legally binding regulations on alcohol
advertising across any media platforms in Japan [32].
These factors may partly explain the relatively high
alcohol consumption levels observed in this study.




Table 1. Alcohol consumption in WBE studies.

Country, City Sampling Description Correction Factor =~ Mass Load of EtS Daily Consumption
! (CF) (mg/Day/Person) (mL/Day/Person)
2016-2020 41+15 159 +6.1
Innsbruck, Austria [33] March to April 2020 CF = 3046 33407 12.6+28
(lockdown)
Spain and Portugal [34] March to July 2020 CF = 3047 39+13t07.2+45 20-28
3 communities in the U.S [35] March 2015-March 2016 CF =3047 7.6 29.4
Al . 3.7 » 41(;1-.3 (msjor citi;es) )
states and territories in _ ; 4 (Inner Regional areas
Australia [10] 2016-2023 CF=30438 34783 18.6 (Outer Regional and
) Remote category sites)
Istanbul city, Turkey [28] “?3;?2%%9 CF = 3047 1;:2 gz:g
Southern China [11] 2017-2018 CF = 4000 0.27 +£0.11 1406
Hanoi, Vietnam [9] 2018-2023 CF = 4000 0.59+0.24 30+x1.2
This study September-October 2021 CF =4000 10.4 + 3.0 529+ 15.3

Furthermore, differences in drinking culture and
demographic factors could also influence alcohol
consumption level. For example, a WBE study in Australia
reported higher alcohol consumption in rural compared
to urban areas [10]. In Japan, alcohol use is common in the
workplace and social culture, particularly through “nomikai”
for socialising and networking. Daily commuting from the
catchment area to Tokyo for work and leisure, followed by
a return to residential areas, may further influence local
consumption patterns. Moreover, national data on taxable
beverage sales also highlight the popularity of cheap,
high-alcohol beverages such as chii-hai in Japan. The 2022
National Tax Agency reported that liqueurs/cha-hai
accounted for the highest per capita volumes, reaching
61.1 mL/day/person [36]. A nationwide survey further
confirmed the popularity of this beverage, reporting that
56.2% had consumed strong chii-hai, which are flavoured
alcoholic drinks sold at about half the price of beer but
with a high alcohol content (8-9%) [2]. Importantly, the
study indicated that among current alcohol users, strong
chi-hai consumption was associated with hazardous and
harmful alcohol use. This preference for chii-hai which are
consumed more smoothly and in larger quantities may
therefore explain the high alcohol consumption levels.

Epidemiological evidence further supports the high
prevalence of alcohol use in Japan. The 2019 National
Health and Nutrition Survey conducted among 2558
Japanese participants reported that about 35.8%
consumed <180 mL sake/day (~ 23 g ethanol), 36.3%
consumed 180-360 mL/day (~23-46 g ethanol), 18.0%

consumed 360-540 mL/day (~46-69 g ethanol), and 9.9%

consumed >540 mL/day (>69 g ethanol) [7]. A 13-year
cohort study of 102,802 adults in Osaka reported that
36.9% consumed <22 g/day, 17.7% consumed 22-<39
g/day, 8.7% consumed 39-<66 g/day, and 1.6%
consumed 266 g/day, with heavy intake linked to

increased type 2 diabetes risk among individuals with
BMI < 25 kg/m?2 [4].

Our analysis revealed significantly lower levels of
alcohol consumption during the post-lockdown period
compared to the restrictions period (p < 0.001). A possible
explanation could be catchment population dynamics,
strongly influenced by the socioeconomic structure of the
Greater Tokyo Area (including our Kanto region). There is
a pronounced spatial imbalance between residential and
employment areas, with most residents living in the
surrounding suburbs (our catchment) while workplaces
are concentrated in central Tokyo [37]. Moreover, a
decreased commute burden associated with remote work
during COVID-19 in the Kanto area (Tokyo, Chiba,
Kanagawa, and Saitama) was observed, which could be a
key factor in shifting regional population dynamics [38].
After restrictions were lifted, more people resumed
commuting to workplaces in central Tokyo, thereby
reducing the number of residents contributing to
wastewater in our catchment. This shift may explain the
observed decrease in per capita alcohol consumption
estimates during the post-lockdown period [39].

A strong positive correlation was observed between
estimated alcohol consumption and daily reported
COVID-19 cases in the catchment area (r=0.735, p < 0.001;
Figure 2A). Both variables showed similar declining
trends over time with higher levels during the lockdown
period (Figure 2B). This alignment suggests that alcohol
use patterns may have been closely linked to pandemic
dynamics and public health measures. However, it is
notable to emphasise that this dataset cannot establish
causality between COVID-19 case numbers and alcohol
consumption.
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Figure 2. (A) Association between estimated alcohol consumption and daily reported COVID-19 cases in the catchment area;

(B) Time series of alcohol consumption and COVID-19 cases expressed as z-scores (standardised values; mean = 0, SD = 1) to

enable comparison of relative fluctuations.

Behavioural shifts during the COVID-19 pandemic
also likely influenced alcohol consumption in Japan.
Restrictions limited drinking at bars and restaurants,
reducing social drinking opportunities and shifting
alcohol use to the home [9,40]. Previous surveys reported
that binge drinking during the COVID-19 pandemic was
associated with worsening household finances and
depressive symptoms [41] and prolonged hazardous
alcohol use persisted into later phases [42]. The most
commonly reported reason for changes in drinking
behaviour during the COVID-19 pandemic among
Japanese adults was an increase in both the frequency and
quantity of drinking at home [43]. Interestingly, increased
alcohol consumption in Japan during COVID-19 was also
linked to higher flourishing index scores, reflecting
attempts to improve life satisfaction during stressful
periods [44], while another study found associations with
anxiety and depression [45]. Moreover, a nationwide
Internet-based survey in 2023 showed that remote work
frequency was associated with a higher prevalence of
hazardous alcohol use [46].

We acknowledge the following limitations in this
study. Firstly, influent wastewater samples were obtained
from a single STP in the Kanto region of Japan, which
limits the generalizability of the findings. However, our
catchment is substantial, serving approximately 1.8
people, which provides objective evidence across a

significant metropolitan population segment. Secondly,
the relatively short sampling period restricted our ability
to assess long-term consumption patterns. Finally, a fixed
catchment population was used for back-calculations
while population mobility could affect the accuracy of
estimates.

This study provides the first assessment of alcohol
consumption based on wastewater analysis in Japan. The
alcohol biomarker EtS was consistently detected in all
wastewater samples. The mean estimated consumption is
higher than wastewater data from other countries. In
contrast to Western countries, no significant weekly
pattern in alcohol consumption was observed in Japan.
Additionally, consumption decreased after the lockdown,
and a strong positive correlation was observed between
alcohol intake and daily reported COVID-19 cases, likely
reflecting population mobility and behaviour dynamics
during the pandemic. This study highlights the need to
apply WBE to monitor alcohol consumption during the
long-term period in Japan, serving as a complementary
approach to traditional methods.
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