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Abstract
Wastewater-based epidemiology (WBE), as a rapid tool, is used to measure and monitor illicit drug consumption in the 
population. This method is also used to bridge biomarkers of exposure, contaminants, and human health. Smoking cigarettes 
and tobacco use are everyday habits in nowadays community. This systematic review and meta-analysis aimed to calculate 
nicotine consumption globally. The related studies were retrieved within international databases including Scopus, Google 
Scholar, and Web of Science, up to February 2021. It included twenty-one articles containing 87 measurements covering 275.3 
million people with total wastewater samples of 2250. Results showed that the highest and lowest nicotine consumption rate 
(mg/1000 inh./day) was in Portugal (5860) and Vietnam (1201), respectively. The global pooled nicotine consumption rate 
was 2476 mg/1000 inh./day (95% CI (2289–2663). Based on WBE results, the average daily cigarette smoked per smoker is 14 
(95% CI: 10–18 cigarettes/inh./day), close to the value of 14.2 reported by the survey and interview studies. Risk assessment 
of the nicotine consumption rate through WBE was calculated by the margin of exposure (MOE) approach. In total, 82% of 
nicotine consumption measurements were located in the “risk” level (MOE < 100), and 18% of the MOE values were between 
100–1000. The results reveal that nicotine consumption risks need immediate global and local action strategies. Finally, these 
findings are helpful for healthcare agencies and policy-makers to take action against tobacco use prevalence.
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Introduction

Nicotine (NIC) is one of the most commonly used psychotropic 
substances. Consumption of NIC has a substantial role in 
the global burden of diseases and also injuries (Gao et al. 
2020). About 15.2% of the European Union are daily tobacco 
smokers, which results in 7 thousand deaths each year and also 
8 million people on a global scale (both direct and secondhand 
smoking) (Gracia-Lor et al. 2020). Three-quarters of cigarette 
smokers belong to low-income and middle-income countries 
(Jha et al. 2006).

Tobacco use is contributes to the top causes of preventable 
death and illness worldwide. Smoking deaths in 2016 
exceeded 1.7 million, and more than 8 million are expected 
to die in 2030 (Mackie et al. 2019). According to the World 
Health Organization (WHO) global report, a tobacco-related 
disease caused about 8 million deaths in 2017 (WHO 2019). 
The tobacco industry produces about 5.5 trillion cigarettes 
yearly worldwide (Buerge et al. 2008), with an average NIC 
amount of 0.8 mg per cigarette (Gibson 1994).
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NIC is the main psychoactive component in cigarette 
smoke, leading to addiction quickly (Lai et al. 2018). In addi-
tion, NIC is absorbed in the lungs at a high rate and compre-
hensively metabolized in the liver (Rodríguez-Álvarez et al. 
2014a). The phase I metabolites of NIC as a complex route 
include the formation of many metabolites by oxidation, 
hydroxylation, and N-demethylation (Rodríguez-Álvarez 
et al. 2014b). Approximately 70–80% of the absorbed NICs 
are metabolized by the oxidation route to cotinine (COT). 
They are then hydroxylated to trans 3′-hydroxycotinine 
(OHCOT) and other minor metabolites (Tricker 2003; Yildiz 
2004; Hukkanen et al. 2005). Glucuronide metabolites are 
produced in phase II through the binding with glucuronic 
acid, as in the case of cotinine-Nβ-glucuronide (COTGLUC) 
and trans-3'-hydroxycotinine-Oβ-glucuronide (OHCOT-
GLUC) (Chen et al. 2012). Therefore, COT and OH–COT 
are used as an indicator to assess tobacco smoke exposure 
and tobacco use due to more extended stability and half-life 
of body fluids (e.g., plasma and urine) relative to NIC and 
other metabolites. Therefore, they are commonly used as 
a biomarker (Marclay and Saugy 2010; Miller et al. 2010; 
Jacob et al. 2011; Huang et al. 2013).

WHO has declared the need for effective tobacco control 
interventions. This program includes planning a monitoring 
program for the data collection on smoking rates, intensi-
ties, and trends in countries (Yavuz Guzel et al. 2021). Ana-
lyzing raw wastewater can monitor consumption and, thus, 
tobacco consumption at specific locations. This method has 
already been used to calculate the consumption of illegal 
drugs (Zuccato et al. 2005, 2008; González-Mariño et al. 
2012; Thomas et al. 2012) and alcohol (Reid et al. 2011; 
Rodríguez-Álvarez et al. 2014c) in various countries.

The amount of tobacco consumption can be derived from 
its sales statistics. Still, such data is not always reliable, for 
example, because inventory levels, regions, and short-term 
figures are not usually available. More targeted action in this 
regard is measuring NIC and alcohol consumption through 
the WBE method (van Wel et al. 2016).

Wastewater can contain chemical pollutants such as heavy 
metals, pharmaceuticals, and biomarkers (Wong 2017; Ge 
et al. 2019; Moondra et al. 2020; Guan et al. 2021; Chen 
et al. 2022; Campos-Mañas et al. 2022). WBE was used at 
first in 2008 to study the consumption of illicit drugs in the 
three Italian cities (Zuccato et al. 2008), and subsequently 
to the consumption of alcohol (Reid et al. 2011; Rodríguez-
Álvarez et al. 2015; Boogaerts et al. 2016; Daglioglu et al. 
2020), tobacco (Castiglioni et al. 2015), caffeine (Senta 
et al. 2015), and selected pharmaceuticals (Hernández et al. 
2014). Nowadays, the WBE application has been extended to 
licit materials such as alcohol, psychoactive drugs, NIC, caf-
feine, and even epidemiological outbreak like the COVID-
19 outbreak (Pan and Chen 2021). Its recent application to 
measure the severe acute respiratory syndrome coronavirus 

2 (SARS-CoVID-2) loads in neighborhoods, towns, and cit-
ies is an example of its usefulness (Vitale et al. 2021). WBE 
is currently fine-tuning as an environmental surveillance 
tool for the coronavirus disease 2019 (COVID-19) pandemic 
(Gagliano et al. 2023). Estimating the rate of NIC consump-
tion by WBE is performed primarily by measuring its major 
metabolite COT in the raw wastewater and back-calculating 
the consumption rate of NIC by people served in the waste-
water service (i.e., wastewater treatment or wastewater col-
lection network) (Zheng et al. 2019).

Moreover, some researche shows that continuing NIC 
uptake stimulates the progress of lung cancer cells and 
apoptosis (West et al. 2003; Baumung et al. 2016). In this 
context, we used the “margin of exposure” (MOE) method 
to assess the health risk of NIC through its consumption rate 
obtained from wastewater analysis (Mimmi 2021, Luo et al. 
2022). MOE is a novel and preferred method for comparing 
the health risk of different compounds and taking managing 
actions for risk control. The MOE is the ratio between the 
point at which the toxicological threshold occurred (bench-
mark dose (BMD)) and the estimated human intake of the 
same compound (here the NIC consumption rate per person 
obtained from the WBE studies). The larger the MOE, the 
smaller the potential risk posed to the NIC consumers, and 
a MOE of 10,000 or more would not be considered of health 
concern and has low priority for risk management actions 
(Benford et al. 2010).

In this study, we will first provide a systematic review 
and meta-analysis to assess the consumption per capita per 
day (mg/1000 inh./day) of NIC through WBE studies on 
a global scale. Questionnaires, interviews, and self-report 
surveys compared the NIC and cigarette consumption in 
WBE studies. Data reported by official organizations like 
WHO, CDC-STATE, and Europeans survey. Then, the 
MOE approach estimated a comparative risk assessment 
of NIC consumption using probabilistic Monte–Carlo-type 
analysis). To the best of our knowledge, it is for the first 
time that the evaluation of NIC consumption rate on a global 
scale is provided by the WBE method, and also its risk is 
assessed using MOE.

Materials and methods

Search strategy

The study design and reporting used the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) 
statement systematic review and meta-analysis (Liberati 
et al. 2009). The international databases, including Scopus, 
Google Scholar, and Web of Science searched up to February 
2021. In addition, for any possible relevant article, check the 
bibliographies of the final included articles. The keywords 
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used in this search were as follows: wastewater, nicotine, 
hydroxy cotinine, epidemiology, tobacco consumption, 
metabolite, and illicit drugs. The search steps were carried 
out according to PRISMA, as shown in Fig. 1 (Atamaleki 
et al. 2019).

The following terms were used as a search strategy for 
Web of Science and Scopus: Web of Science TS = (nicotine) 
OR TS = (“nicotine consumption”) OR TS = (“Tobacco 
consumption”) OR TS = (“hydroxy cotinine”) OR 
TS = (cotinine) AND TS = (epidemiology) OR TS = (“sewage 
epidemiology”) OR TS = (“wastewater epidemiology”) 
OR TS = (“wastewater based epidemiology”) OR 
TS = (sewage) OR TS = (wastewater) and Scopus ((TITLE-
ABS-KEY (nicotine) OR TITLE-ABS-KEY (“nicotine 
consumption”) OR TITLE-ABS-KEY (“hydroxy cotinine”) 
OR TITLE-ABS-KEY (“cotinine”) AND (TITLE-ABS-
KEY (epidemiology) OR TITLE-ABS-KEY (“sewage 
epidemiology”) OR TITLE-ABS-KEY (“wastewater 
epidemiology”) OR TITLE-ABS-KEY (“wastewater based 
epidemiology”) OR TITLE-ABS-KEY(“back-calculation”)) 
AND (TITLE-ABS-KEY (sewer) OR TITLE-ABS-KEY 
(sewage) OR TITLE-ABS-KEY (wastewater)) AND (TITLE-
ABS-KEY (monitoring) OR TITLE-ABS-KEY(biomarker)). 
The researchers also conducted a manual search using 
Google Scholar. Additional studies were searched using the 
reference lists of identified studies.

Inclusion and exclusion criteria

Published articles that met the following criteria were 
included in this meta-analysis: (1) original articles that 
were peer-reviewed, (2) articles that measure the cotinine 

concentration in wastewater or calculate the consumption 
rate per capita of NIC through WBE, (3) articles published 
in English, (4) articles published up to February 2021. Each 
study contains the following variables: first author and year 
of publication, study location, population served by WWTP, 
number of sampling, year of measuring, mean and SD of 
per capita consumption of NIC (mg/inh./day), and tell mean 
of MOE (Table S1 (Supplementary Information (SI)). The 
reviewers were not blinded to the result of the study, author, 
and journal name. A third person resolved any disagreement.

Meta‑analysis and statistical analysis

The consumption rate of NIC (based on mg/inh./day) was 
meta-analyzed using SE = SD∕N0.5 equation. Here, SE is 
the standard error of concentration, SD, standard deviation, 
and N is the number of the sample (Peck et al. 2015). The 
I2 statistic and chi-square test were used to assess the het-
erogeneity of included studies. The pooled mean per capita 
consumption rate of NIC was estimated by the random effect 
model (REM). Publication bias was assessed using the Begg 
test. All statistical analysis was conducted using Stata ver-
sion 14.0 software (Stata Corp, College Station, TX).

Health risk assessment

The MOE value measures the health risk of substance 
exposure and can be used to compare compounds in risk 
assessment (Lachenmeier et al. 2011; Mimmi et al. 2021). 
The approach is used to evaluate the risk of compounds. 
Due to their genotoxic and carcinogenic properties, they do 
not show a threshold in the dose–response curve (Lee et al. 

Fig. 1   Flow diagram of the 
study selection process
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2019; Guo et al. 2021; Gao et al. 2022). In this study, we 
used Monte Carlo simulation to calculate MOE to obtain 
the quantitative risk assessment of NIC. (Lachenmeier and 
Rehm 2015) described the MOE as the ratio between the 
lower confidence limit of the benchmark dose (BMDL) 
obtained from the median lethal dose (LD50) and the esti-
mated population exposure based on wastewater analy-
sis. The BMDL10 (BMDL for a 10% incidence of health 
effects) was used in this study. Extrapolating the animal 
LD50 obtained it (Lachenmeier and Rehm 2015). An esti-
mated BMDL10 is obtained from the mean LD50 of birds 
(17.8), dogs (9.2), mice (3.34), and rats (50) by division 
by 10.2 using method B of Gold et al. (2003). Therefore, 
the BMDL10 of 1.96 mg per kilogram body weight per day 
(mg/kg-bw/day) was used for calculating MOE with an SD 
of 1.76 mg/kg-bw/day. The daily intake (ID) of NIC was 
calculated using Eq. (1):

where ID is intake dose (mg/kg-bw/day), IR ingestion rate 
(mg/inh./day), and bw is body weight (kg). In addition, MOE 
was calculated using Eq. (2):

where MOE is the margin of exposure (unitless) BMDL10 
benchmark dose level (mg/kg-bw/day), and ID intake dose 
(mg/kg-bw/day) (Lachenmeier and Rehm 2015).

Through simulation, the reputation number for MOE 
was at 50,000, and also mean of MOE was considered for 
the health risk benchmark. The distribution of NIC inges-
tion rate was considered lognormal, and the selected nor-
mal distribution was for BMDL10 and body weight (bw: 
70 ± 7.0 kg). Monte Carlo simulation was conducted in Ora-
cle Crystal Ball software (version 11.1.2.4).

Results and discussion

Study selection process

We searched Scopus, Google Scholar, and Web of Science 
up to February 2021 with the above-selected keywords and 
found 990 published articles. After a primary screening, 
removed 419 pieces because of the repetition. After that, 
531 articles were excluded by reading and evaluation of 
titles. Then, 12 articles were excluded by reading abstracts. 
The full texts of the remaining 28 articles were downloaded, 
reviewed, and data from 21 reports were used in this system-
atic review and meta-analysis (see Fig. 1).

(1)Daily exposure(
mg

kg − bw.day
) =

IR

bw(kg)

(2)MOE =
BMDL10(

mg

kg−bw.day
)

The estimated daily exposure (ID)(
mg

kg−bw.day
)

Characteristics of studies

This study evaluated community of NIC (mg/inh./day) using 
WBE studies. After tobacco use, NIC is excreted as urinary 
metabolites. It contains NIC as a parent compound (NIC) 
(about 19.5%), cotinine (COT) (about 32.3%), and trans-3′-
hydroxy cotinine (OH-COT) (about 44.5%) (Zheng et al. 2017; 
Mackie et al. 2019). NIC is not used as a biomarker of NIC 
intake because cigarette ash and butts are directly disposed 
of in wastewater and contribute to the other sources of NIC 
(Rodriguez-Alvarez et al. 2014). On the other hand, OH-COT 
showed high variability in concentration and in-sewer instabil-
ity (Mackie et al. 2019). Hence, COT is often used as a bio-
marker of NIC consumption due to its high in-sewer stability 
(Gao et al. 2020). This study used the COT concentration in 
wastewater for NIC intake, which did not mentione the NIC 
consumption rate in the results of included studies. The per 
capita consumption of NIC (in mg/person/day) is calculated 
using the back-calculation method by the following equation:

where EFNIC is the excretion correction factor for COT after 
tobacco use, and a mean amount of 2.85 was used, which is 
presented in most included studies (Gao et al. 2020; Zheng 
et al. 2020, 2017). In some of the included studies, NIC con-
sumption is given based on the number of cigarettes smoked. 
The amount of mg NIC absorbed per each cigarette smoked 
is different in included studies and values like (0.9 ± 15 mg) 
(Lai et al. 2018; Gao et al. 2020), (1 ± 0.36 mg) (Mackie 
et al. 2019), (1 − 1.5 mg) (Yavuz Guzel et al. 2021), 0.8 mg 
(Rodriguez-Alvarez et al. 2014), 1.2 mg (Gracia-Lor et al. 
2020) are reported. However, we used a mean value of 
1.25 mg NIC absorbed from one cigarette (denoted as D) 
for obtaining the NIC consumption rate in studies where 
NIC amounts are reported based on the number of cigarettes 
smoked per day. The number of cigarettes smoked per day 
by the population age above 15 (N15+) for comparison of our 
results with other data sources was calculated using Eq. (4):

The number of smokers aged 15 + (Nsmoker) was also 
obtained using Eq. (5) which Xsmoker is daily tobacco smokers 
among persons aged 15 years and over obtained from WHO 
report in 2015 (WHO 2015; Chen et al. 2019).

The community consumption of NIC extracted from 
selected studies together with information like country, 

(3)
NIC consumption rate (mg∕person∕day) =

COT concentration (�g∕L) × Flow (L∕day) × EFNIC × 1000

Population × 10
6

(4)N15+ =
NICabs

D × R15

(5)Nsmoker =
NICabs

D × R15 × �smoker
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number study, ES or NIC consumption rate (mg/inh./day), 
lower rate, upper rate, weight, heterogeneity statistic, degree 
of freedom, p value, and I2 are presented in Table 1.

Meta‑analysis of nicotine consumption rate 
and comparison with survey statistics

NIC included 21 articles in this study with a total of 2250 
samples size. The information such as country of meas-
urement, pooled level of NIC consumption rate (mg/inh. /
day), (95% CI), and percent of the weight of the studies 
are shown in Table 1. As can be seen, the order of NIC 
consumption rate (based on mg/1000 inh./day) between the 
included studies was as follows: Portugal (5860) > Slovakia 
(4390) > Belgium (4300) > Norway (4000) > Czech Repub-
lic (3949) > Switzerland (3291) > Turkey (2988) > Italy 
(2766) > USA (2600) > UK (2040) > Spain (2027) > Aus-
tralia (1822) > China (1683) > Denmark (1300) > Nether-
lands (1300) > and in Viet Nam (1201). Generally, European 
countries showed much higher NIC consumption rates than 
other countries. The NIC consumption in China and Viet-
nam (located in South-Eastern Asia) was lower than in many 
European countries and the USA. However, in the WHO 
survey on the prevalence trend of tobacco use, in the year 
2000, the Southeast Asia region poses the highest tobacco 
use at around 47% of people aged ≥ 15 years (Organization 
2019). The global pooled level of NIC consumption rate 
through wastewater analysis was 2476 mg/1000 inh./day 
(95% CI: 2289–2663 mg/1000 inh./day). The results of the 
Begg test indicate that there is no publication bias (p = 0.58). 
By considering 85% of tobacco smokers as cigarette smokers 
(Organization 2019), the mean amount of 1.25 mg NIC per 
one cigarette (Gracia-Lor et al. 2020), and also around 20% 
of the catchment population with age under 15 years, the 
global pool rate of cigarette smoking for the whole popu-
lation served by WWTPs is 2.5 cigarettes per person per 
day. Although this meta-analysis provided the geographi-
cal profiles of NIC consumption between nations, it cannot 
include the demographic properties of the population such 
as age distribution, consumption frequency, and prevalence 
of tobacco use and heavy users (Gao et al. 2020). The NIC 
consumption rate between nations is highly variable and can-
not be easily pooled because it depends on several param-
eters like the route of NIC administration, cigarette price, 
cigarette accessibility, and frequency of cigarette usage. In 
addition, NIC consumption rates are not the same at different 
times of the year or even on days of the week in one location, 
which causes significant differences in NIC consumption 
rates. The primary source of heterogeneity among included 
studies season, time of sampling, number of samples, popu-
lation served by WWTP, and the duration of monitoring 
were the primary source of heterogeneity among included 
studies. Moreover, wastewater sampling, stability of COT 

in samples, and trustability of analytical measurements. Its 
use of well-founded methods for recalculating. NIC con-
sumption and different patterns of social and demographic 
habits in cities across countries and even within cities are 
the reasons for the difference in NIC consumption rates 
between countries (Zarei et al. 2020). The subject makes it 
challenging to generate homogeneous data for regional and 
international comparisons of sewage-based epidemiological 
estimates of NIC consumption (Castiglioni et al. 2013; Lai 
et al. 2011). Despite these limitations, the results of WBE 
measurements are generally comparable with data from tra-
ditional sources of substance use information (Chen et al. 
2019).

Based on the attitudes of European countries (28 member 
states) towards tobacco survey, there are significant differ-
ences in tobacco consumption across the EU with higher 
rates of smoking in southern Europe including Greece 
(37%), Bulgaria (36%), France (36%), and Croatia (35%) 
(Eurobarometer 2015). Overall, the proportion of European 
smoking was 26% and countries like Sweden (7%), the Neth-
erlands (16%), and the UK (17%) had the lowest proportions 
(Eurobarometer 2015). The results of this meta-analysis are 
from the European survey in which the Netherlands and UK 
had almost lower NIC consumption rates than other Euro-
pean countries. That confirms that the results of the NIC 
consumption trend through WBE agree with survey and 
interview studies. The average daily consumption was 13.7 
cigarettes per day and, found the highest rates in Cyprus and 
Austria, with 18.1 and 18.9, respectively (Eurobarometer 
2015). Considering the mean value of 1.2 mg NIC absorbed 
from one cigarette, the average amount of NIC consump-
tion is 16.44 mg/person/day or normalized to a population 
of 16,440 mg/1000 smokers/day with 26% of smoker pro-
portion is 4274.4 mg/1000 inh./day. The mean amount of 
4274.4 mg/1000 inh./day in the European survey is near to 
the countries of Portugal, Slovakia, Belgium, and Norway 
in this meta-analysis which had NIC consumption rates of 
5860, 4390, 4300, and 4000 mg/1000 inh./day, respectively. 
The pooled level of NIC consumption rate in European coun-
tries included in the meta-analysis was 3477.7 mg/1000 inh./
day (95% CI: 2628.4–4326.9 mg/1000 inh./day) which is 
lower than the mean value of the European interview study 
(4274.4 mg/1000 inh./day). However, the mean amount of 
4274.4 mg/1000 inh./day was for ages 15 years. Above, con-
sidering 15.1% of Europeans between 0 and 14 years, the 
total consumption will be 3628.9 mg/1000 inh./day for all 
ages, which entirely agree with the pool level of NIC con-
sumption through WBE studies.

It also compared the NIC consumption rate and the num-
ber of smokers in countries involved in this meta-analysis 
with WHO survey data on prevalence trends of tobacco 
smoking in 2015 (WHO 2015). First, the daily number of 
cigarettes smoked per capita (cigarettes/inh./day) served 



63421Environmental Science and Pollution Research (2023) 30:63416–63426	

1 3

Ta
bl

e 
1  

M
et

a-
an

al
ys

is
 o

f n
ic

ot
in

e 
co

ns
um

pt
io

n 
(m

g/
10

00
 in

h.
/d

ay
) b

as
ed

 o
n 

co
un

tri
es

 in
vo

lv
ed

a  N
um

be
r o

f l
oc

at
io

ns
 (i

.e
., 

ci
ty

) o
r r

ep
ea

te
d 

m
ea

su
re

m
en

t o
f n

ic
ot

in
e 

co
ns

um
pt

io
n 

ov
er

 y
ea

rs
 in

 o
ne

 c
ou

nt
ry

/c
ity

C
ou

nt
ry

N
um

be
r o

f l
oc

at
io

ns
/

m
ea

su
re

m
en

ts
 a

Po
ol

 le
ve

l (
m

g/
in

h.
/d

ay
)

Po
ol

 le
ve

l 
(m

g/
10

00
 in

h.
/

da
y)

Lo
w

er
 (m

g/
in

h.
/d

ay
)

U
pp

er
 (m

g/
in

h.
/d

ay
)

W
ei

gh
t

H
et

er
og

en
ei

ty
 st

at
ist

ic
D

eg
re

e 
of

 
fr

ee
do

m
p 

va
lu

e
I2  (%

)

A
us

tra
lia

30
1.

82
2

18
22

16
89

19
56

35
.0

5
16

,5
90

.5
8

29
 <

 0.
00

1
99

.8
B

el
gi

um
2

4.
30

0
43

00
19

49
66

51
2.

32
31

9.
76

1
 <

 0.
00

1
99

.7
C

hi
na

5
1.

68
3

16
83

10
51

23
15

5.
68

25
5.

69
4

 <
 0.

00
1

98
.4

C
ze

ch
 R

ep
ub

lic
2

3.
94

9
39

49
32

63
46

35
2.

34
12

8.
89

1
 <

 0.
00

1
99

.2
D

en
m

ar
k

1
1.

30
0

13
00

12
06

13
94

1.
17

0
0

U
K

1
2.

04
0

20
40

18
87

21
93

1.
17

0
0

Ita
ly

15
2.

76
6

27
66

23
94

31
38

17
.5

1
46

29
.1

3
14

 <
 0.

00
1

99
.7

N
et

he
rla

nd
s

1
1.

30
0

13
00

12
18

13
82

1.
17

0
0

N
or

w
ay

1
4.

00
0

40
00

37
49

42
51

1.
15

0
0

Po
rtu

ga
l

1
5.

86
0

58
60

34
27

82
93

0.
39

0
0

Sl
ov

ak
ia

5
4.

39
0

43
90

15
74

73
65

5.
41

33
6.

39
4

 <
 0.

00
1

99
.2

Sp
ai

n
4

2.
02

7
20

27
12

41
28

12
4.

64
28

1.
93

3
 <

 0.
00

1
98

.9
Sw

itz
er

la
nd

2
3.

29
1

32
91

25
40

40
41

2.
15

3.
95

1
0.

04
7

74
.7

Tu
rk

ey
12

2.
98

8
29

88
18

62
41

14
14

.0
1

14
,5

50
.7

1
11

 <
 0.

00
1

99
.9

U
SA

3
2.

60
0

26
00

24
74

27
26

3.
51

11
.5

4
2

0.
00

3
82

.7
V

ie
t N

am
2

1.
20

1
12

01
10

05
13

97
2.

33
3.

07
1

0.
08

67
.5

O
ve

ra
ll 

po
ol

ed
87

2.
47

6
24

76
22

89
26

63
10

0.
00

1.
20

E 
+

 05
86

 <
 0.

00
1

99
.9



63422	 Environmental Science and Pollution Research (2023) 30:63416–63426

1 3

by WWTPs ranged from 1.1 to 5.2 with an average of 2.5, 
which matched the NIC consumption trend between coun-
tries. Then, we assumed that 80% (national average) of the 
involved countries’ population were 15 years old and over, 
and based on this we calculated the daily number of ciga-
rettes smoked per smoker. These values were calculated by 
Eq. (5) using WHO data on daily tobacco smoking among 
persons aged 15 years and over and NIC consumption rate 
through wastewater analysis. The results are reported in 
Fig. 2.

As shown in Fig. 2, the average daily cigarette smoked 
per smoker is 14 (95% CI: 10–18 cigarettes/inh./day). The 
average number of cigarettes smoked by adult smokers 
per day in this meta-analysis was almost the same as the 
14.2 cigarettes reported by the Centers for Disease Control 
and Prevention (CDC) in the USA in 2015 (Jamal et al. 
2016). Although Portugal showed the highest and Viet 
Nam the lowest number of cigarettes smoked per smoker, 
the trend does not match well with the NIC consumption 
rates. Generally, mean cigarette consumption is higher in 
European countries than in other nations. The movemen of 
daily tobacco smoking (right Y-axis) differs widely relative 
to cigarette consumption rates. Countries like China and 
the Czech Republic showed the highest daily smoking 
percentage of the total population 15 years and over, while 
cigarette consumption rates are low. It indicated that an 
individual city or lower population might not represent the 
entire state or country (Chen et al. 2019). However, a high 
correlation in the number of cigarettes smoked per day per 

1000 smokers was observed (data not shown) in countries 
(i.e., Australia). The number of smokers in the WBE 
population is close enough to the estimated daily number of 
smokers of WHO surveys, indicating the ability of WBE to 
obtain actual consumption.

Health risk assessment

The higher the MOE, the lower risk for humans, and 
values < 10,000, < 100, and < 10 are used to define the 
“public health risks,” “risk,” and “high risk” categories, 
respectively (Lachenmeier et al. 2011, Lachenmeier and 
Rehm 2015). However, a MOE > 10,000 is not considered 
a risk management priority. Tornado diagrams of MOE and 
95th percentile of MOE for individual NIC measurement 
(in Table  S1) based on population-based exposure 
calculated from wastewater analysis are presented in 
Fig. S1 (Supplementary). The rank order of countries based 
on risk range (MOE < 100) was Belgium (100%) ~ Czech 
Republic (100%) ~ UK (100%) ~ Italy (100%) ~ Norway 
(100%) ~ Portugal (100%) ~ Slovakia (100%) ~ Spain 
(100%) ~ Switzerland (100%) ~ USA (100%) > Turkey 
(83%) > China (80%) > Australia (70%) > Denmark 
(0%) ~ Netherland (0%) ~ Vietnam (0%) (Fig.  3 and 
Table  S2). Overall, 81.61% and 18.39% of the studies 
were in the “risk” range and “public health risk” range, 
respectively (Fig. 4).

Differences in health risks of NIC consumption in 
countries are due to differences in the intake of NIC 

Fig. 2   Daily number of 
cigarettes smoked by smokers 
among involved countries (error 
bars are SD) and daily tobacco 
smoking (derived from WHO 
data in 2015)
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(Lachenmeier and Rehm 2015, Rodriguez-Alvarez et al. 
2014) Following that, differences in the information 
about NIC can be due to cultural, racial, educational level, 
political, economic (Pearson et al. 2021; Fagan et al. 2007), 
weather conditions (Gyllerup et al. 1991), and per capita 
wastewater production in countries (Gao et al. 2020; Kahkha 
et al. 2019). On the other hand, this risk assessment is for 

only NIC compounds in tobacco and does not include 
toxic compounds such as hydrogen cyanide and acrolein 
that existing tobacco smoke. Therefore, long-term animal 
bioassay and toxicological studies for NIC are required 
considering all poisonous compounds.

Conclusion

This study represents the first global-scale meta-analysis 
and systematic review of NIC consumption rate using WBE 
studies, conducted in various countries. The meta-analysis 
covered 275.3 million people from 16 countries, and the 
pooled NIC consumption rate was 2476 mg/1000 inh./
day. The highest and lowest nicotine consumption rate was 
in Portugal and Vietnam, respectively. On average, every 
person (age + 15) served by the wastewater treatment plant 
consumes 2.5 cigarettes daily, and every smoker smokes 
14 cigarettes daily. These results were in good agreement 
(through some calculations) with WHO data (WHO 2015); 
based on sales statistics and interviews, CDC-STATE (Jamal 
et al. 2016) system conducted questionnaires by a random-
digit-dialing. They interviewed based attitudes of Europeans 
towards tobacco survey (Eurobarometer 2015). The subject 
indicates the potential of WBE as a promising tool for 
human biomonitoring and for providing complementary 
information on NIC consumption. However, WBE cannot 
include the demographic properties of the population such 
as age distribution, consumption frequency, and prevalence 
of tobacco use and heavy users. Moreover, high hetrogenity 

Fig. 3   The percentage of studies 
in countries based on classifica-
tion of mean MOE
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in number of wastewater samples and population under 
study in catchment area in each included study are the main 
limitations of this study. More efforts need to be made to 
decrease the uncertainties related to WBE estimation 
to improve the accuracy of the consumption rates. Risk 
assessment using a quantitative MOE approach revealed that 
most of the NIC measurements in this meta-analysis were 
in the “risk” category region (MOE less than 100) at the 
population level. Finally, necessary and practical action is 
felt to reduce the risk of NIC consumption. The result of this 
study is the most updated nicotine profile analysis and could 
be used for governments for different countermeasures.
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