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• Poor water quality was associated with 
increased incidence of any type of 
cancer.

• Positive association was found for colon 
and rectal cancer in both males and 
females.

• Females showed positive association 
with ovarian cancer.

• High residual chlorine levels were posi
tively associated with bladder cancer in 
males.
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A B S T R A C T

Individuals are exposed to local water sources through routine activities in their place of residence. Serbia 
consists of 26 districts with a population of approximately 6.8 million inhabitants. Individuals in different dis
tricts are exposed to varying physicochemical water quality. Irregularities in physicochemical water properties 
may be linked to malignant diseases. This study aimed to investigate the association between the percentage of 
water which does not meet the standards for both physicochemical properties and residual chlorine, and stan
dardized incidence of most common malignancies in Serbia. In 2013, 18.9 % of 76,758 water samples in Serbia 
were non-compliant (0 % in Kolubara, 97.4 % in Middle Banat), and in 2021, 16.5 % of 93,144 samples failed 
standards (0.9 % in Macva, 97.8 % in North Banat). A significant positive correlation was observed between the 
percentage of unsatisfactory physicochemical water samples from public water supply systems and water 
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facilities and the standardized incidence of colon and rectal cancer in males and females, any cancer type in both 
sexes, and ovarian cancer in females. However, no significant correlation was observed for leukemia and 
pancreatic in males, brain tumors or lung cancer in both sexes. Bladder cancer in males was associated with 
exposure to residual chlorine which surpass recommended concentrations. Study findings suggest that exposure 
to water that does not meet adequate physicochemical standards may be associated with an increased risk of 
various cancer types, while residual chlorine above recommended standards seems associated with increased 
incidence of bladder cancer.

1. Introduction

Tap water is a source of environmental toxins when it does not meet 
the recommended values for physicochemical parameters (Li and Wu, 
2019). In Europe, water quality standards are primarily governed by the 
EU Water Framework Directive, which sets strict regulations for surface 
and groundwater protection, monitoring, and pollution prevention 
(Carvalho et al., 2019; Rowbottom et al., 2022). Serbia, as an European 
Union (EU) candidate country, aligns its water legislation with these 
directives through the Law on Waters, which regulates water manage
ment, pollution control, and sustainable use of water resources.

Variations in quality of ground and surface water are driven by a 
combination of naturally occurring soluble salts and human-induced 
pollutants. In certain global regions, seasonal variations may also 
affect physicochemical properties of the groundwater (Aralu et al., 
2024; Pande et al., 2025; Singh et al., 2023; Tanwar et al., 2024). 
Nonetheless, pollution from anthropogenic sources demonstrated a 
large impact on water quality and consequently on human health 
(Egbueri et al., 2025a; Egbueri, 2023; Yassin et al., 2024). These pol
lutants originate from both localized point sources, such as industrial 
and urban effluents (Karmakar et al., 2023; Najafi Saleh et al., 2020) and 
diffuse sources, primarily agricultural activities. In particular, agricul
tural activities have been shown to contribute to elevated nitrate (NO3

− ) 
and heavy metal concentrations in groundwater (Abu et al., 2025; 
Bouselsal et al., 2025; Egbueri et al., 2025b). In the EU, the use of pes
ticides and nitrogen in agriculture has deteriorated the quality of 
drinking water (Wuijts et al., 2021). Also in Serbia, water pollution can 
result from various anthropogenic activities (Devic et al., 2014, 2016; 
Veskovic et al., 2024). Elevated fluoride levels have been detected in 
groundwater in suburban areas of Belgrade (Antonijevic et al., 2016). 
Similarly, assessment of water quality in the river network of Serbia 
showed high contamination for total phosphorus, nickel (Ni), manga
nese (Mn), lead (Pb), arsenic (As), and mercury (Hg) probably explained 
by a set of multiple pollution sources including urban and agricultural 
runoff, lack of adequate treatment of wastewater from mining and in
dustrial areas (Devic et al., 2016).

In 2013, in Serbia, 18.9 % of 76,758 examined water samples, from 
public water supply systems and water facilities did not comply with 
national standards (Knežević, 2014). Similar values were noted in the 
following years, with stable percentage of water samples not meeting 
physicochemical standards between 16.5 % and 20.7 % (Knežević, 
2018, 2022). Several substances have been identified as exceeding rec
ommended levels, including ammonia, iron, Mn, nitrites, As, and po
tassium permanganate (KMnO4) (Jovanovic et al., 2011; Knežević, 
2014).

In addition to chemicals, microbial alterations have been reported in 
the period 2013–2021 (Knežević, 2018). Chlorination is the main 
method to improve microbial properties of drinking water, especially in 
Europe (Evlampidou et al., 2020). However, when ammonia from mi
crobial contamination is present in the water, chlorine forms some 
well-known disinfection by-products such as trihalomethanes, mono
chloramine, dichloramine, and nitrogen trichloride (Fantuzzi et al., 
2007; Garcia-Villanova et al., 2010). In addition, chlorine forms some 
residuals, including hypochlorous acid (HOCl) and hypochlorite (OCl− ). 
Total residual chlorine consists of residual forms (HOCl and OCl− ) and 
available chlorine. Maximal tolerant concentration of residual chlorine 

by WHO and Serbia standards is 0.5 mg/L (WHO, 2022). When residual 
chlorine is present in higher concentrations above the recommended 
regulatory limits, disinfection by-products form to a greater extent, 
posing potential health risks (Deiana et al., 2025; Jauniaux et al., 2024; 
Mazhar et al., 2020; Righi et al., 2012), including cancer (Helte et al., 
2025), especially colorectal and bladder cancer (Beane Freeman et al., 
2017; Evlampidou et al., 2020; Helte et al., 2023; Villanueva et al., 
2017, 2023).

Despite some previous studies conducted in Serbia evaluated specific 
district-level correlations for some contaminants with focused on 
selected chronic non-communicable diseases and cancer types 
(Jovanovic et al., 2011; Jovanovic et al., 2013; Jovanovic et al., 2012; 
Rajovic et al., 2024; van den Berg et al., 2023), none of previous in
vestigations, to the best of our knowledge, examined the overall physi
cochemical properties of drinking water in relation to cancer incidence 
in Serbia. Therefore, the aim of this study was to examine the association 
between water quality and cancer incidence across 25 districts of Serbia 
by performing correlation analysis. Specifically, we analyzed the rela
tionship between (1) the percentage of water samples that did not meet 
physicochemical standards, (2) the percentage of samples exceeding the 
recommended levels for residual chlorine, along with the average of the 
maximally measured concentrations of residual chlorine in public water 
supply systems and water facilities, and (3) the standardized incidence 
rates of the most common malignancies in adult population. The anal
ysis was conducted for two time points—2013 and 2021—across all 
administrative districts.

2. Methods

2.1. Study setting and data collection

The Republic of Serbia is divided into 26 districts: North Bačka, 
Middle Banat, North Banat, South Banat, West Bačka, South Bačka, 
Srem, the City of Belgrade, Mačva, Kolubara, Danube, Braničevo, 
Šumadija, Morava, Bor, Zaječar, Zlatibor, Moravica, Raška, Rasina, 
Nǐsava, Toplica, Pirot, Jablanica, and Pčinj (Fig. 1), with a total popu
lation of 6,647,003 inhabitants in 2022.

The Institute of Public Health of Serbia “Dr. Milan Jovanović Batut” 
collects district-level data and publishes annual public health reports for 
all regions of Serbia, except for Kosovo and Metohija, due to the un
availability of data. Among these reports, analyses of drinking water 
safety from public water supply systems in various settlements are 
collected, including both urban and rural areas, and organized by region 
(Knežević, 2014; Knežević, 2018, 2022).

These annual water quality reports provide detailed information, 
including the percentage of water samples that met or failed to meet 
national standards for physicochemical and microbiological parameters, 
as well as the number and percentage of monitored public water supply 
systems per each Serbian district. Each report specifies the exact number 
of water samples tested and the number of those that did not comply 
with standards for either physicochemical or microbiological properties.

In addition to water quality data, the Institute also publishes annual 
reports on the standardized incidence rates of the ten most common 
cancer malignancies, as well as other major non-communicable diseases 
such as diabetes mellitus and coronary syndrome (Jovanovic et al., 
2011, 2012).
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Water quality data were retrieved for the purposes of this study from 
annual water quality reports published in 2014 and 2022, specifically 
focusing on the percentage of physicochemically unsatisfactory water 
samples from public water supply systems and water facilities in each 
district (Bijelovic et al., 2022; Knežević, 2014, 2022). More precisely, as 
for the physicochemical water quality assessment, data from two years 
nearly a decade apart was used, namely 2013 and 2021 and calculated 
percentage of water samples not meeting physicochemical standards in 
2013 and 2021 (Table 1 and Fig. 1). Two temporally distant reports were 
selected, as exposure to environmental factors and the potential devel
opment of malignancies typically require a long latency period. Simi
larly, based on annual reports from 2017 to 2022, the average 
percentage of water samples not meeting residual chlorine standards 
was calculated by the authors, as well as the average of the maximum 
residual chlorine levels recorded during that period (Table 1 and Fig. 1).

Data of age-standardized incidence of malignancies in adult 

population was obtained per each district in 2022 from the same Insti
tute of Public Health of Serbia (Miljus and Zivkovic Perisic, 2024). 
Cancer types analyzed included the ten most common cancers in males 
and females: overall cancer incidence (C00-C97), colon and rectum 
cancer (C18-C20), pancreatic cancer (C25), lung cancer (C34), and 
bladder cancer (C67), and brain cancer (C71). In males, additional 
outcomes were oral (including pharyngeal) cancer (C00-C10), gastric 
cancer (C16), laryngeal cancer (C32), prostate cancer (C61), and overall 
leukemia in males (C91-C95), while in females they were breast cancer 
(C50), cervical cancer (C53), uterine cancer (C54), ovarian cancer 
(C56), and non-Hodgkin lymphoma (C82-C85).

This study is secondary data evaluation using anonymous and 
aggregated data, therefore, ethical approval was waived.

Fig. 1. Thematic maps visualizing water quality parameters across administrative districts of the Republic of Serbia: 1. Sumadija; 2. Bor; 3. Braničevo; 4. Belgrade; 5. 
Jablanica; 6. South Bačka; 7. South Banat; 8. Kolubara; 9. Mačva; 10. Moravica; 11. Nǐs; 12. Pcinj; 13. Pirot; 14. Danube; 15. Morava; 16. Raška; 17. Rasina; 18. North 
Bačka; 19. North Banat; 20. Middle Banat; 21. Srem; 22. Toplica; 23. Zaječar; 24. West Bačka; 25. Zlatibor; 26. Kosovo and Metochia (no data).
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2.2. Data analysis

The Kolmogorov-Smirnov test was used to check whether the data 
follows a normal distribution. Since the water quality data did not follow 
a normal distribution, Spearman correlation test was used to assess the 
relation between the percentage of unsatisfactory water samples from 
public water supply systems and water facilities across districts and the 
age-standardized incidence of malignancies. Statistical analyses were 
performed in easy R (EZR) version 1.68. Furthermore, geospatial and 
statistical data were integrated to visualize the percentage of water not 
meeting national criteria and residual chlorine levels. Thematic map
ping was conducted using the ‘grmap’ package in STATA software 
(version 18.0, StataCorp, College Station, TX, 2024).

3. Results

3.1. Water quality data for the years 2013; 2021

In 2013, the percentage of unsatisfactory water samples varied 
across districts, with the lowest reported in the Kolubara district, where 
all examined water samples met the recommended levels. In contrast, 
some districts in Vojvodina, such as Middle Banat, had 97.4 % of sam
ples failing to meet the standards. For the entire country in 2013, 18.9 % 
of a total of 76,758 samples did not meet physicochemical standards, 
while in 2021, 16.5 % of 93,144 samples did not meet some of the 

physicochemical standards. In 2021, Macva district had the lowest rate 
of water with poor physicochemical properties (0.9 %), while in North 
Banat, this rate was 97.8 % (Table 1).

3.2. Data on the incidence of leading cancer types in Serbia in 2022

Lung cancer was the most common type of cancer in males, with a 
standardized incidence of 139.4 new cases per 100,000 inhabitants for 
the entire country (Table 2). For females, breast cancer was the leading 
type, with a standardized incidence of 131.4 new cases per 100,000 
inhabitants in 2022 (Table 3). In both males and females, North Banat 
had the highest standardized incidence of all cancer types, with 928.3 
and 997 new cases per 100,000 individuals, respectively.

3.3. Correlational analysis

In the correlation analysis between percentage of unsatisfactory 
water physicochemical properties in 2013 and standardized cancer 
incidence in 2022, we found a strong positive correlation with any 
cancer type in both males (r = 0.515, p = 0.008) and females (r = 0.678, 
p < 0.001) (Tables 4–5). We also found positive correlations in males 
with colon and rectal cancer (r = 0.434, p = 0.030), prostate cancer (r =
0.438, p = 0.028) and gastric cancer (r = 0.395 p = 0.051) (Table 4). In 
females, positive correlations can be noted with non-Hodgkin lym
phoma (r = 0.431, p = 0.031), bladder cancer (r = 0.400; p = 0.047), 
and ovarian cancer (r = 0.533; p = 0.006), while other gynecological 
malignancies showed no correlations, with the marginal exception of 
weak and imprecise correlation with cervical cancer (r = 0.307, p =
0.135) (Table 5).

In the correlation analysis between percentage of unsatisfactory 
water physicochemical properties in 2021 and standardized cancer 
incidence in 2022, we found a strong positive correlation with any 
cancer type in both males (r = 0.578, p = 0.002) and females (r = 0.755, 
p < 0.001) (Tables 4–5). In males, strong positive correlation can be 
noted for colon and rectal cancer (r = 0.526, p = 0.007), while the 
correlations are weaker for gastric (r = 0.350, p = 0.086) and prostate (r 
= 0.280, p = 0.174) cancer (Table 4). In females, we found strong 
correlations with colon and rectal (r = 0.578, p = 0.002), pancreatic (r 
= 0.406, p = 0.0443) and lung (r = 0.497, p = 0.012) cancers, while 
weaker correlation with non-Hodgkin lymphoma (r = 0.391, p = 0.053). 
As regards gynecological cancers, we found positive correlation with 
both cervical (r = 0.426, p = 0.033) and ovarian (r = 0.415, p = 0.039) 
cancers (Table 5).

As regards correlation analysis between water samples not meeting 
residual chlorine standards, we found strong positive correlation with 
bladder cancer in males only (r = 0.406, p = 0.043) (Table 4), while no 
correlations emerged for females (Table 5). Conversely, the analysis 
between the highest residual chlorine concentrations and cancer inci
dence showed only marginal and weak correlations with lung and 
bladder cancer in males (Table 4), but strong positive correlation with 
uterine cancer in females (Table 5).

4. Discussion

4.1. Cancer as a global health issue: environmental factors as significant 
contributors

There are 20 million new cancer cases worldwide annually, reflect
ing its pandemic proportions. In most countries, lung cancer is the most 
common type, followed by breast cancer in females, as well as colo
rectal, prostate, and stomach cancers (Bray et al., 2024). Moreover, lung 
cancer ranks as the leading cause of cancer-related mortality. Some risk 
factors, such as age and sex, cannot be modified. However, environ
mental factors, such as exposure to heavy metals and metalloids can 
affect risk of cancer (Alimam and Auvinen, 2025; Cirovic and Cirovic, 
2022; Cirovic and Satarug, 2024; Vinceti et al., 2018). When 

Table 1 
Data on the percentage of water samples not meeting physicochemical standards 
for the years 2013 and 2021 and data on residual chlorine for the years 
2017–2022.

District Percentage (%) of 
water not 
meeting 
physicochemical 
standards in 2013

Percentage (%) of 
water not 
meeting 
physicochemical 
standards in 2021

Average 
percentage 
(%) of 
water 
samples not 
meeting 
residual 
chlorine 
standards 
from 2017 
to 2022

Average 
maximum 
residual 
chlorine 
levels 
measured 
from 2017 
to 2022 
(mg/L)

West 
Bačka

34.7 41.0 0.0 <0.5

North 
Bačka

55.0 32.8 0.28 0.664

North 
Banat

80.5 97.8 0.06 0.55

South 
Bačka

16.3 20.3 1.26 4.0

Middle 
Banat

97.4 97.1 0.0 <0.5

South 
Banat

57.9 44.2 2.08 1.74

Srem 52.0 34.5 0.04 0.52
Mačva 7.0 0.9 1.0 1.28
Belgrade 11.1 8.5 0.0 0.6
Kolubara 0.0 1.7 0.0 <0.5
Danube 9.1 7.4 0.0 <0.5
Braničevo 21.2 6.0 0.0 <0.5
Bor 13.3 13.9 0.0 <0.5
Zlatibor 5.2 2.8 0.76 0.82
Morava 4.9 5.6 0.02 <0.5
Sumadija 19.3 1.1 0.0 0.54
Moravica 5.1 1.4 0.0 <0.5
Zaječar 4.9 5.5 0.0 <0.5
Raška 5.2 1.1 0.006 0.52
Rasina 3.2 3.4 0.68 1.28
Toplica 17.4 10.0 2.22 0.78
Pirot 3.7 3.7 0.06 0.8
Jablanica 0.9 2.3 0.0 0.5
Pcinj 3.8 2.2 0.0 0.5
Nǐs 1.3 1.7 0.8 0.84
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Table 2 
Data on standardized incidence of most common malignancies in males for the year 2022 in Serbia.

District All 
cancers 
(C00- 
C97)

Oral and 
pharyngeal 
cancer (C00- 
C10)

Gastric 
cancer 
(C16)

Colon and 
rectal 
cancer 
(C18-C20)

Pancreatic 
cancer (C25)

Laryngeal 
cancer 
(C32)

Lung 
cancer 
(C34)

Prostate 
cancer 
(C61)

Bladder 
cancer 
(C67)

Brain 
tumor 
(C71)

Overall, 
leukemia 
(C91-C95)

West 
Bačka

846.6 28.2 17.0 143.0 26.2 17.0 174.4 99.3 55.5 21.7 19.4

North 
Bačka

901.2 19.3 38.9 212.5 33.7 10.2 174.5 106.6 77.0 24.6 19.3

North 
Banat

928.3 38.2 48.8 144.3 37.8 17.8 220.6 80.0 54.5 16.8 17.1

South 
Bačka

755.8 16.4 19.0 110.9 20.6 16.6 137.1 67.8 61.7 13.3 19.1

Middle 
Banat

928.3 20.0 27.0 162.5 25.9 12.1 115.1 105.1 55.0 11.2 11.2

South 
Banat

649.6 9.4 23.4 81.0 20.8 16.8 134.8 53.5 39.2 12.6 12.4

Srem 763.4 10.1 22.3 135.1 24.7 20.9 148.3 76.8 67.7 17.0 22.6
Mačva 640.4 12.3 18.9 68.8 18.3 9.3 137.2 59.1 63.5 17.0 10.9
Belgrade 689.2 21.3 27.1 60.9 29.7 15.3 173.7 87.9 39.9 15.1 13.6
Kolubara 640.9 8.4 23.3 87.0 24.1 11.8 141.5 75.4 24.3 17.8 15.0
Danube 614.3 14.0 21.7 91.0 19.1 28.7 126.1 71.3 46.3 18.0 21.5
Braničevo 573.7 18.0 21.3 98.7 20.1 29.2 106.3 47.7 55.2 7.6 16.6
Bor 717.5 19.9 36.3 93.4 17.0 26.6 112.3 88.9 50.8 21.1 21.5
Zlatibor 636.5 13.7 19.2 99.2 16.7 25.9 79.9 87.5 50.3 17.6 24.4
Morava 643.2 14.9 22.6 94.5 22.0 22.1 115.9 48.0 58.4 20.1 18.1
Sumadija 781.9 20.1 32.5 118.4 27.9 31.6 123.4 84.0 57.5 16.8 19.8
Moravica 613.3 17.2 19.0 76.4 21.6 8.2 126.0 161.9 51.6 8.2 12.6
Zaječar 598.3 13.5 13.5 98.7 17.5 24.1 99.9 59.2 42.9 11.7 16.8
Raška 582.9 6.1 18.9 83.0 20.3 14.6 131.2 71.5 39.5 15.8 13.4
Rasina 729.6 20.7 13.9 129.0 16.2 33.1 144.4 61.9 63.9 31.5 24.0
Toplica 675.6 7.1 28.8 129.4 17.1 31.7 114.6 82.7 59.4 18.9 19.3
Pirot 714.2 24.1 21.0 115.3 19.8 23.2 132.3 65.8 51.1 26.7 13.2
Jablanica 641.0 21.5 30.9 108.8 22.8 35.8 135.7 51.9 27.5 23.2 24.9
Pcinj 580.8 17.9 25.0 98.5 21.3 18.4 73.9 36.6 63.3 7.7 15.0
Niš 641.1 9.4 17.2 87.1 27.1 26.2 132.1 58.2 71.6 21.1 22.0

Table 3 
Data on standardized incidence of most common malignancies in females for the year 2022 in Serbia.

District All 
cancers 
(C00- 
C97)

Colon and 
rectal 
cancer 
(C18-C20)

Pancreatic 
cancer (C25)

Lung 
cancer 
(C34)

Breast 
cancer 
(2022) 
(C50)

Cervical 
cancer 
(2022) 
(C53)

Uterine 
cancer 
(2022) 
(C54)

Ovarian 
cancer 
(2022) 
(C56)

Bladder 
cancer 
(2022) 
(C67)

Brain 
cancer 
(C71)

Non-Hodgkin 
lymphoma 
(2022) (C82- 
C85)

West 
Bačka

897.2 93.9 20.0 144.4 144.4 57.0 30.0 36.2 32.4 20.2 21.5

North 
Bačka

903.1 105.6 19.8 203.2 203.2 37.8 39.2 39.6 23.8 8.5 13.0

North 
Banat

997.0 93.1 20.9 188.8 188.8 60.3 18.9 41.0 26.1 13.0 21.1

South 
Bačka

686.7 70.1 20.6 115.0 115.0 21.7 16.4 20.7 19.8 9.6 11.5

Middle 
Banat

824.4 94.2 20.7 163.2 163.2 39.4 35.4 23.6 33.8 8.7 13.0

South 
Banat

673.1 54.6 15.5 121.0 121.0 33.9 17.7 31.6 14.7 9.7 10.4

Srem 732.8 89.5 16.9 131.4 131.4 27.6 25.7 25.6 27.3 15.0 18.4
Mačva 514.6 37.3 14.0 108.4 137.2 30.2 19.2 20.1 23.9 7.9 10.5
Belgrade 548.4 43.4 21.8 135.6 135.6 27.6 14.8 20.7 16.7 11.9 10.1
Kolubara 610.7 56.3 18.5 159.5 141.5 31.3 24.2 25.9 13.5 10.2 7.4
Danube 535.1 53.6 19.0 120.7 126.1 32.9 34.8 16.5 21.8 19.9 18.7
Braničevo 512.6 63.6 9.8 119.5 106.3 25.2 27.3 31.4 26.2 10.7 8.6
Bor 646.9 50.9 15.7 131.3 112.3 61.1 41.1 33.5 23.0 15.4 19.8
Zlatibor 508.8 62.2 14.1 79.3 79.9 22.9 32.4 23.3 31.9 18.6 12.8
Morava 591.8 57.8 10.7 143.0 115.9 30.2 32.0 15.8 39.0 24.0 21.4
Sumadija 638.5 74.4 15.1 124.6 123.4 36.9 31.6 23.9 22.6 14.7 22.4
Moravica 508.3 48.6 16.9 123.4 126.0 21.9 32.2 36.3 15.6 11.0 7.3
Zaječar 546.5 48.6 19.5 134.0 99.9 49.7 43.2 17.9 7.5 9.6 8.5
Raška 518.3 49.9 14.1 119.6 131.2 25.7 35.4 20.5 16.0 15.0 4.8
Rasina 620.1 81.4 15.3 156.9 144.4 33.8 12.1 22.3 21.7 28.0 12.0
Toplica 621.4 64.7 5.0 181.2 114.6 68.4 35.6 18.6 15.1 20.7 8.0
Pirot 617.8 72.9 13.9 129.6 132.3 41.2 47.6 32.8 20.8 15.0 7.2
Jablanica 488.9 58.9 18.2 115.2 135.7 29.9 32.3 12.8 4.4 15.1 9.3
Pcinj 465.8 43.8 15.8 110.6 73.9 21.8 32.4 15.6 25.1 9.1 12.0
Niš 528.6 55.2 20.4 128.1 132.1 29.9 20.1 13.2 23.0 17.2 12.5
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environmental factors are linked to a heightened incidence of cancer, 
further investigations to monitor the compliance to regulatory limits and 
possibly modify them are warranted (Vinceti et al., 2024, 2025; Zahra 
et al., 2025). By addressing these modifiable factors, the incidence of 
cancer could potentially be reduced.

4.2. Summary of the study’s main findings

In order to ensure the most rigorous methodological approach, po
tential association were considered relevant only if a particular cancer 
type correlated with the percentage of unsatisfactory physicochemical 
water samples in both examined years, 2013 and 2021. Therefore, we 
found that exposure to water samples with unsatisfactory 

physicochemical characteristics from public water supply systems and 
water facilities is associated with an increased risk of various cancer 
types, including colon and rectal cancer in both sexes and ovarian cancer 
in females. The incidence rates of these four cancer types (all cancers in 
males and females, as well as colon cancer in both sexes) correlated with 
the percentage of water samples with unsatisfactory physicochemical 
characteristics for both examined years, 2013 and 2021. Next, brain 
tumors, lung cancer, and pancreatic cancer in males were not associated 
with exposure to poor physicochemical water quality. Finally, bladder 
cancer in males was associated with exposure to residual chlorine which 
surpass recommended concentrations.

Table 4 
Correlational analysis between water quality parameters (physicochemical characteristics and residual chlorine concentrations) and standardized cancer incidence in 
Serbia in 2022 of overall cancers and then most frequent cancer types in males.

Type of cancer (ICD- 
10 code)

Percentage of water not meeting 
physicochemical standards in 2013

Percentage of water not meeting 
physicochemical standards in 2021

Average percentage of water samples not 
meeting residual chlorine standards from 
2017 to 2022

Average maximum residual 
chlorine levels measured from 
2017 to 2022

All cancers (C00- 
C97)

r = 0.515 
p ¼ 0.008

r = 0.578 
p ¼ 0.002

r = 0.192 
p = 0.358

r = − 0.265 
p = 0.201

Oral and pharyngeal 
cancer (C00-C10)

r = 0.159 
p = 0.448

r = 0.285 
p = 0.167

r = − 0.367 
p = 0.071

r = − 0.157 
p = 0.453

Gastric cancer (C16) r = 0.395 
p = 0.051

r = 0.350 
p = 0.086

r = − 0.146 
p = 0.486

r = − 0.152 
p = 0.467

Colon and rectal 
cancer (C18-C20)

r = 0.434 
p ¼ 0.030

r = 0.526 
p ¼ 0.007

r = 0.098 
p = 0.639

r = 0.001 
p = 0.956

Pancreatic cancer 
(C25)

r = 0.315 
p = 0.125

r = 0.232 
p = 0.265

r = − 0.230 
p = 0.269

r = − 0.131 
p = 0.533

Laryngeal cancer 
(C32)

r = − 0.217 
p = 0.297

r = − 0.051 
p = 0.809

r = − 0.020 
p = 0.923

r = − 0.041 
p = 0.844

Lung cancer (C34) r = 0.187 
p = 0.370

r = 0.278 
p = 0.178

r = 0.214 
p = 0.303

r = 0.336 
p = 0.101

Prostate cancer 
(C61)

r = 0.438 
p ¼ 0.028

r = 0.280 
p = 0.174

r = − 0.161 
p = 0.433

r = − 0.070 
p = 0.737

Bladder cancer (C67) r = − 0.180 
p = 0.388

r = − 0.063 
p = 0.763

r = 0.406 
p ¼ 0.043

r = 0.325 
p = 0.113

Brain cancer (C71) r = − 0.296 
p = 0.151

r = − 0.001 
p = 0.994

r = 0.258 
p = 0.213

r = 0.194 
p = 0.354

Overall leukemia 
(C91-95)

r = − 0.152 
p = 0.469

r = 0.049 
p = 0.816

r = 0.046 
p = 0.824

r = 0.014 
p = 0.947

Table 5 
Correlational analysis between water quality parameters (physicochemical characteristics and residual chlorine concentrations and standardized cancer incidence in 
Serbia in 2022 of overall cancers and then most frequent cancer types in females.

Type of cancer 
(ICD-10 code)

Percentage of water not meeting 
physicochemical standards in 2013

Percentage of water not meeting 
physicochemical standards in 2021

Average percentage of water samples not 
meeting residual chlorine standards from 
2017 to 2022

Average maximum residual 
chlorine levels measured from 
2017 to 2022

All cancers (C00- 
C97)

r = 0.678 
p < 0.001

r = 0.755 
p < 0.001

r = 0.221 
p = 0.288

r = − 0.210 
p = 0.315

Colon and rectal 
cancer (C18-C20)

r = 0.470 
p ¼ 0.018

r = 0.534 
p ¼ 0.005

r = 0.175 
p = 0.404

r = 0.120 
p = 0.568

Pancreatic cancer 
(C25)

r = 0.198 
p = 0.343

r = 0.406 
p ¼ 0.044

r = − 0.249 
p = 0.229

r = − 0.086 
p = 0.682

Lung cancer (C34) r = 0.273 
p = 0.186

r = 0.497 
p ¼ 0.012

r = − 0.028 
p = 0.892

r = − 0.115 
p = 0.584

Breast cancer (C50) r = 0.143 
p = 0.495

r = 0.190 
p = 0.363

r = 0.021 
p = 0.919

r = 0.111 
p = 0.598

Cervical cancer 
(C53)

r = 0.307 
p = 0.135

r = 0.426 
p ¼ 0.033

r = 0.023 
p = 0.912

r = − 0.055 
p = 0.794

Uterine cancer 
(C54)

r = − 0.057 
p = 0.787

r = − 0.038 
p = 0.856

r = − 0.254 
p = 0.221

r = − 0.426 
p ¼ 0.033

Ovarian cancer 
(C56)

r = 0.533 
p ¼ 0.006

r = 0.415 
p ¼ 0.039

r = − 0.041 
p = 0.844

r = 0.023 
p = 0.912

Bladder cancer 
(C67)

r = 0.400 
p ¼ 0.047

r = 0.291 
p = 0.158

r = − 0.010 
p = 0.962

r = − 0.114 
p = 0.588

Brain cancer (C71) r = − 0.256 
p = 0.217

r = − 0.015 
p = 0.942

r = 0.081 
p = 0.700

r = − 0.032 
p = 0.877

Non-Hodgkin 
lymphoma (C82- 
C85)

r = 0.431 
p ¼ 0.030

r = 0.391 
p = 0.053

r = − 0.080 
p = 0.691

r = − 0.090 
p = 0.654
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4.3. Comparison with existing literature

Despite the correlation with maximal residual chlorine with bladder 
cancer incidence was weaker and much imprecise, still positive values 
could be noted. The percentage of non-compliant water samples may 
represent a more reliable variable for analysis, as a higher percentage 
may indicate that a larger proportion of district inhabitants is exposed to 
residual chlorine levels above standard reference value. In contrast, 
maximal concentration values may reflect a single measurement from 
one water source, potentially exposing only a limited number of 
individuals.

A study from Arizona aimed to investigate associations between nine 
water contaminants and various types of malignancies by performing 
correlational analyses. The analyzed cancer types included lung, kidney, 
colorectal, liver, pancreatic, stomach, prostatic, hematological, female 
breast, gynecological, bladder, and skin melanoma. Several water con
taminants were found to be positively correlated with an increased 
incidence of both bladder and pancreatic cancers (Garcia and Matthews, 
2024). Hadkhale et al. investigated the association between ground
water radon exposure and lung cancer risk. Their analysis revealed that 
municipalities within hospital districts exhibiting the highest levels of 
radon exposure had significantly higher lung cancer incidence rates 
compared to those with low or no exposure (Hadkhale et al., 2022).

Exposure to various toxic substances in drinking water represents a 
significant public health issue. Hungary, for instance, faced a major 
problem with As in drinking water. After becoming a member of the EU, 
Hungary mitigated As concentrations in water, which consequently 
reduced cancer risk (Pál et al., 2022). Koivusalo et al. conducted a his
torical cohort study in Finland and, using data on KMnO4 values and 
chlorine concentrations, demonstrated a positive association between 
these compounds and the incidence of colon cancer (Koivusalo et al., 
1997). Picetti et al. performed a systematic review and reported that 
nitrates—whose levels exceed recommended concentrations in some 
districts of Serbia—are associated with an increased risk of gastric 
cancer (Picetti et al., 2022). Krajewski et al. reported association be
tween As exposure and appearance of bladder, colorectal, and kidney 
cancers (Krajewski et al., 2021). Jovanovic et al. analyzed As concen
trations in various villages and cities primarily located in Middle Banat, 
South Bačka, and North Bačka, all three regions of Vojvodina, and re
ported that more than 60 % of the samples exceeded the recommended 
EU and Serbian standards (Jovanovic et al., 2011). Vojvodina districts 
are not the only which have problem with high As levels, namely, 
measurement of samples taken from the Great Morava River exceeded 
the WHO recommended value of 10 μg/L for drinking water (Devic 
et al., 2014). Next, groundwater analyses in the Rasina district revealed 
high levels of cadmium (Cd), Pb, and Ni (Devic et al., 2014) and 
groundwater pollution with higher levels of As and Cu due to mining 
activities has been reported in Eastern Serbia (Adamovic et al., 2022). 
Additionally, in community water systems across 19 states in the United 
States using data from the Centers for Disease Control and Prevention 
(CDC), an increased risk of colon cancer in the group with the highest 
(fourth) quartile compared to the first quartile of As exposure was re
ported (Krajewski et al., 2021). Fakhri et al. analyzed concentrations of 
Hg, As, zinc (Zn), Pb, and copper (Co) in tap water from Ilam city in Iran 
and reported that all examined metals and metalloids were above the 
recommended Iran and WHO standards, posing a significant cancer risk 
(Fakhri et al., 2018).

Bladder cancer in males showed a positive correlation with the 
percentage of water samples not meeting residual chlorine standards. 
Whether exposure to excess residual chlorine or disinfection by-products 
such as trihalomethanes is associated with an increased risk of bladder 
cancer remains a relevant and debated topic, as some studies have 
indicated a potential link (Bove et al., 2007), while others have not 
(Helte et al., 2022; Shi et al., 2024b). Téllez Tovar et al. aimed to 
examine the association between trihalomethane exposure through 
inhalation during showers and lifetime cancer risk, concluding that such 

exposure increases cancer risk (Téllez Tovar and Rodríguez Susa, 2021). 
This finding is particularly significant because dermal exposure to tri
halomethanes carries a cancer risk comparable to ingestion (Ab Jalil 
et al., 2021; Tafesse et al., 2023). Inhalation and ingestion allow chlo
rine and its by-products to come into contact with the upper airways and 
the initial part of the alimentary tract.

It has been reported that trihalomethane exposure increases the risk 
of urinary bladder cancer (Abbasnia et al., 2019; Bove et al., 2007; 
Evlampidou et al., 2020). Evlampidou et al. analyzed 13 years of 
trihalomethane level data across 26 EU member countries, covering 
three-quarters of the EU population, and noted that regulating water 
quality could prevent bladder cancer cases (Evlampidou et al., 2020). 
Additionally, a study from Madrid indicated that individuals with high 
tap water consumption may face a greater cancer risk than deemed 
acceptable (Almonacid Garrido et al., 2024). Exposure to disinfection 
by-product has been associated with dose-dependent increase cancer 
risk, including bladder and colon cancer especially in males than females 
(Shi et al., 2024a). In a recent systematic review by Helte et al., which 
included 29 published studies on various malignancies and tri
halomethanes, the authors reported that exposure to trihalomethanes 
was associated not only with bladder cancer but also with colorectal 
cancer (Helte et al., 2025).

4.4. Limitations, strengths and future perspectives

As a limitation, we acknowledge that our study is constrained by the 
concentrations of other substances, which frequently exceed the upper 
recommended limit. In the future, we anticipate more studies examining 
the relation between specific toxic compounds and health risks in the 
investigated communities. One of the main strengths of this study is that 
it encompasses the population of the entire country. Additionally, the 
percentage of water samples that did not meet the standards for physi
cochemical properties is a non-specific parameter; we lack data on 
whether the water was merely turbid or whether several substances 
exceeded recommended concentrations—both of which would result in 
the sample being classified as non-compliant. Furthermore, individual 
data of metals and metalloids with toxicologic relevance are note 
available and could not be evaluated. As is known to pose significant 
concerns in Vojvodina district (Jovanovic et al., 2011). However, since it 
is not measured using a standardized procedure, it could not be specif
ically evaluated, representing another limitation of this study. On the 
other hand, the finding that in certain regions up to 95 % of water 
samples failed to meet physicochemical standards allows us to reason
ably speculate that a large portion of the population in those areas was 
exposed to contaminated water.

Another limitation is the lack of assessment of concentrations of 
disinfection by-products such as trihalomethanes that specifically 
showed increased risk of some types of cancer and especially in males 
(Shi et al., 2024a), hampering a clear comparison with study findings. In 
addition, consumption of foodstuffs which are contaminated with some 
pollutants which may be found in water such as heavy metals can rise 
risk of cancer as well (Kiani et al., 2021). However, no data on food 
contamination and intake in the investigated populations are available. 
Finally, by using water quality data collected over several years, we 
minimized the potential impact of seasonal variations such as rainfall 
and temperature fluctuations (Ayejoto et al., 2023). Finally, the 
complexity of this topic is reflected not only in the need to reduce 
hazardous substances such as Cd, As, and nitrates, but also in the 
importance of optimizing the concentrations of beneficial elements like 
sodium (Na+), magnesium (Mg2+), calcium (Ca2+), and zinc (Zn2+) 
(Agbasi et al., 2024, 2025).

5. Conclusions

Although water quality in Serbia is comparable with water quality in 
EU members, there are some regional variations in water quality. The 
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percentage of water that does not meet adequate physicochemical 
standards significantly varied among Serbian districts in 2013 and 2021. 
The quality of water to which people are exposed should be a primary 
focus of future preventive measures. By improving the physicochemical 
properties of water, we could potentially reduce the incidence of certain 
malignancies. Lung cancer was the most common cancer type in males, 
while breast cancer was the leading type in females. The study indicates 
that exposure to water that does not meet adequate physicochemical 
standards may be associated with an increased risk of various cancer 
types—including any cancer, as well as colon and rectal cancer in males, 
and any cancer, colon and rectal cancer, and ovarian cancer in females. 
Surpass levels of residual chlorine in water are linked with bladder 
neoplasm in males. As a future perspective, studies investigating specific 
contaminants (including heavy metals, metalloids, and disinfection by- 
products) across all districts should be conducted to clarify those pri
marily associated with the occurrence of specific malignancies.
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