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Trihalomethanes (THMs) and nitrate are widespread chemicals in drinking water. Chronic exposure has been
associated with increased cancer risk despite inconclusive evidence, partly due to the challenges in long-term
exposure assessment and potential exposure misclassification.

We estimated concentrations of nitrate and THMs in drinking water using a public regulatory monitoring
database (SISE-Eaux) for CONSTANCES, a French population-based prospective cohort.

We obtained 26,322,366 measurements of drinking water parameters from 2000 to 2020. We excluded
missing, implausible and duplicated measurements; we corrected or imputed missing geocodes of sampling lo-
cations; we calculated the annual median concentration of nitrate and THMs by surveillance area. To predict
missing annual median concentrations, linear mixed models with random intercept using surveillance area as a
clustering variable were developed for each region for nitrate and the four THM components (chloroform,
chlorodibromomethane, bromodichloromethane and bromoform) separately. Concentrations in the nearest
surveillance area from the household were merged per year among 75,462 participants with residential history
geocoded for 2000-2020. Estimated concentrations resulting from this approach were compared with measured
concentrations in 100 samples collected in Paris, Rennes and Saint-Brieuc in 2021.

Median annual concentrations of total THMs and nitrate at study participants’ homes for 2000-2020 were,
respectively, 15.7 pg/l (IQR: 15.2) and 15.2 mg/1 (IQR: 20.8). Among these, 35% were based on measurements
for nitrate (16% for THMs), 44% (46%) were predicted using on linear mixed models, and 21% (38%) were based
on distribution unit median values. Conditional R? predictive models ranged from 0.71 to 0.91 (median: 0.85) for
nitrate, and from 0.48 to 0.80 for THMs (median: 0.68).

These concentrations will allow future association analyses with risk of breast and colorectal cancer. Our
cleaning process introduced here could be adapted to other large drinking water monitoring data.

1. Introduction

Disinfection by-products (DBPs) and nitrate are widespread chem-
icals in drinking water and constitute ubiquitous exposures in the pop-
ulation. DBPs are formed during drinking water treatment, by the
reaction between disinfectants (e.g. chlorine) and organic precursors,
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bromide, or iodide naturally occurring in raw water. DBP formation
further occurs along the distribution network through reaction of chlo-
rine residual with organic matter, leading to increased levels in the tap
water compared to the treatment plant (Rossman et al., 1994, 2001).
Trihalomethanes (THMs) including chloroform, bromodichloro-
methane, dibromochloromethane, and bromoform are among the most
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abundant DBP classes and have been regulated in the EU since 1998 with
a maximum contaminant level (MCL) of 100 pg/1 (The European
Parliament and the Council of the European Union, 2020). Chloroform
and bromodichloromethane have been classified as possible human
carcinogens by the WHO International Agency for Research on Cancer
(IARC) (International Agency for Research on Cancer, 2012). THMs
have been used as DBP surrogates in epidemiological studies and
long-term exposure has been consistently associated with increased
bladder cancer risk (Costet et al., 2011; Villanueva et al., 2004). How-
ever, evidence for other cancer sites such as colorectal (Helte et al.,
2023; Rahman et al., 2010; Villanueva et al., 2017), breast (Font-Ribera
et al., 2018; Koivusalo et al., 1997), or other (International Agency for
Research on Cancer, 2012), is suggestive but remains mixed or
insufficient.

Nitrate in drinking water mostly originates from the use of fertilisers
in intensive agriculture and waste from intensive farming, and is regu-
lated in the European Union (EU) since 1980 with a MCL of 50 mg/1
(nitrate-ion) (The European Parliament and the Council of the European
Union, 2020). Ingested nitrate has been classified by the WHO-IARC as a
probable human carcinogen in conditions of endogenous nitrosation
(International Agency for Research on Cancer, 2010). There is consistent
evidence linking long-term exposure to nitrate in drinking water and
increased colorectal cancer risk (Espejo-Herrera et al., 2016a; Schul-
lehner et al., 2018; Ward et al., 2018) although a causal link has not been
yet established (Elwood and van der Werf, 2022). Breast carcinogenicity
of N-nitroso compounds (e.g. N-methyl-N-nitrosourea) was found in
animal studies (Tsubura et al., 2011) and ingested nitrate in drinking
water has been associated with breast cancer risk in postmenopausal
women (Espejo-Herrera et al., 2016b), but evidence is limited (Inoue--
Choi et al., 2012; Ward et al., 2018).

Evaluation of the links between drinking water contaminants and
cancer risk is arduous (Villanueva et al., 2014). Study design has been
mainly limited to case-control studies and the use of cohort design has
been scarce. Exposure assessment needs to be retrospective in nature
given that prospective studies would require long follow up periods, due
to statistical power constraints, that may also be a source of participants
loss. The lack of valid biomarkers of long-term exposure to nitrate or
THMs forces the use of drinking water concentrations as personal
exposure surrogates. Exposure assessment for an etiologically relevant
period for cancer is challenging, as it requires to retrospectively estimate
exposure during decades before cancer diagnosis. Limited availability of
historical concentrations in drinking water and the lack of residential
history of study participants are among the main challenges. The use of
long-term centralised databases from routine monitoring of water
quality is promising to estimate exposure to water pollutants for
epidemiological purposes (Schullehner and Hansen, 2014). However,
databases designed for surveillance are not directly fit for research
purposes and may require cleaning procedures in order to adequately
apply them for epidemiological research.

CONSTANCES is a large general population-based cohort in Metro-
politan France including around 220,000 French adults aged 18-69
years at enrolment (2012-2020) after a random selection among bene-
ficiaries of the French national health insurance and its affiliates, in 22
health screening centres in 20 French departments (“Constances”, 2023;
Zins et al., 2015). Information was collected at enrolment and annual
follow-up by self-administered questionnaire, and by a health exami-
nation at enrolment and every four years, and include health,
socio-demographic, occupational, environmental, and lifestyle factors.
CONSTANCES cohort is also linked to administrative databases,
including the French national health insurance database from which
diagnosis of certain diseases, including cancers, are identified. In addi-
tion, participants’ addresses have been collected and geocoded from
enrolment, and for a subset of 80,600 participants, lifetime addresses
prior enrolment were collected in 2020-2022. SISE-Eaux is the French
national database for drinking water quality surveillance. Although
several studies have previously used SISE-Eaux data, the cleaning
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methods have not been detailed (Corso et al., 2018; Tiouiouine et al.,
2020). We describe here the data cleaning procedures of the SISE-Eaux
database and the methods to estimate chronic concentrations of expo-
sure to THMs and nitrate in the CONSTANCES cohort (Zins et al., 2015),
along with results.

2. Material and methods
2.1. SISE-Eaux database

SISE-Eaux (Systeme d’Information en Santé-Environnement sur les
Eaux) is a national drinking water monitoring database created in 1994,
managed by the French Ministry of Health (Tiouiouine et al., 2020) and
fed by the Regional Health Agencies (ARS-Agence Régionale de Santé).
SISE-Eaux includes information about the concentration of regulated
water quality parameters, sampling site and date, water source (ground,
surface, mixed, or sea), and whether the sample is collected at the dis-
tribution network (e.g. tap) or at the treatment plant outlet. Sampling
site information include administrative divisions (municipality and
department), water distribution unit (UDI, Unité de DIstribution d’eau
potable), surveillance area, geocode and location. Sampling site location
is a manually written description of the site (e.g. “12 rue du Chéne” [12,
Oak street], “Chez M. Dupont - Evier” [Mr Dupont’s — kitchen sink],
“Mairie” [City hall], etc.). In this study we focused on THMs, nitrate, and
parameters known to be related to THMs and/or nitrate concentrations:
conductivity, free and combined chlorine, total organic carbon, per-
manganate index, pH, and alkalinity (Chowdhury et al., 2008) for the
period 2000-2020. In total, the database included 26,322,366 obser-
vations (Table 1), that were subject of a procedure to make data suitable
for our research purposes (Fig. 1).

Measurement methods were not uniform over France and evolved
over time. Nitrate concentrations were mostly determined by ionic
chromatography (French norm ‘NF EN ISO 10304-1"). Other methods

Table 1

Description of the available data for the following water quality parameters in
this study’s SISE-Eaux extraction before data cleaning, 2000-2020 period. Total
observations (N), and percentage of missing values (NA’s), measurements below
the limit of detection (LOD), measurements in the treatment plant (TTP), and
missing or abnormal geocodes by parameter. Source: French Health Ministry —
Regional Health Agency (ARS)-SISE-Eaux.

Parameter N NA’s <LOD TTP Missing
(%) (%) (%) and/or
abnormal
geocode
(%)
Conductivity (uS/cm) 1,137,859 1.3 <0.1 19.0 84.3
Conductivity 25 °C (uS/ 4,327,287 0.1 0.2 21.7 83.0
cm)
Free chlorine (mg/1) 4,600,312 3.9 21.6 21.5 81.9
Total chlorine (mg/1) 4,127,098 4.0 17.1 21.5 81.3
Chlorate (ug/1) 2,450 26.6 31.1 53.3 83.1
Chlorite (mg/1) 64,195 14.3 49.2 31.9 86.8
Total organic carbon 945,545 0.3 16.7 86.8 71.7
(mg/1)
Permanganate index” 185,748 0.3 48.5 79.3  64.4
(mg O2/1)
pH 6,070,205 0.4 <0.1 22.2 81.7
Alcalinity” (°f) 1,142,593 0.2 1.7 79.4 74.9
Chloroform (ug/1) 385,181 0.9 54.8 62.6 74.2
Bromodichloromethane 384,399 0.9 44.0 62.6 74.2
(ng/D
Dibromochloromethane 381,779 0.9 33.8 62.6 74.1
(ng/D
Bromoform (pg/1) 382,665 0.9 50.0 62.7 74.2
Nitrate (mg/1) 2,185,050 0.1 6.5 47.1 79.0
All 26,322,366 1.5 10.8 31.4 80.6

# Oxidation by potassium permanganate in acid medium under hot conditions.
b Measured as “titre alcalimétrique complet, TAC”.
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SISE-EAUX database (2000-2020)
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n=26,322,366
_ Observations with missing values
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Fig. 1. Flow chart describing the sequential exclusion of observations of water quality parameters in SISE-Eaux for different reasons during the clean-up process.

Source: French Health Ministry — Regional Health Agency (ARS)-SISE-Eaux.

were used, including continuous flow analysis and sequential method by
colorimetry. THMs components were mostly determined by gas
chromatography-mass spectrometry (GC-MS). GC-MS-MS was also
marginally used in more recent years.

2.2. Cleaning and imputation for parameters with unknown
concentrations

We excluded 415,678 observations as no concentration could be
reasonably assigned (e.g. concentration coded as “?%, “/*, “N,M”,“NM”)
(Fig. 1). Concentrations coded as “PRESENCE”, “<SEUIL”, etc. were
assumed to be below an unknown limit of detection (LOD) (N = 14,464).
Values < 0 (N = 248,156) or LODs 3 times higher than the 95th
percentile of concentrations in the region (N = 2,752) were considered
implausible and followed the same procedure to impute unknown LOD
values based on known LODs. Given that LOD changed across time and
space according to different equipment used (example shown in
Table S1), we calculated the median LOD value by parameter, year, and
department, and assigned this to unknown LOD values. If known LOD
values were not available for the same year, the median LOD value from
the closest year in the same department was assigned by K-Nearest-
Neighbours (KNN) algorithm. In case of no known LODs for a given

department, unknown LODs were imputed the median LOD from the
same region and year. After this, values below LOD were imputed half
the LOD for further calculations. Observations that were not possible to
impute due to the absence of LOD in the same region were excluded (N
= 22) (Fig. 1). A reduced number of measurements (<0.1%) were coded
as ‘>’ symbol followed by a number (ex: “>1.5"). These were imputed
the specified value.

2.3. Outliers and implausible values

Outliers due to spelling errors (e.g. missing dots before the decimals
of a number) were identified and manually corrected. Implausible
values out of usual ranges according to the literature were identified for
each parameter. pH values strictly lower than 4 or higher than 10 were
excluded since such values were not plausible with the analytical
methods used. We excluded values that exceeded twice the guidelines
established by the World Health Organization (WHO) (World Health
Organization, 2022) (Table S2). Nitrate levels in drinking water between
50 and 100 mg/1 may be acceptable in France through a derogation
procedure (ANSES, 2022). Hence, we considered 200 mg/1 as a
threshold to exclude outliers for this parameter instead of the WHO
guideline. In total, 2,114 observations were excluded (Fig. 1).
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2.4. Multiple measurements

Some parameters were measured twice in a few samples, corre-
sponding to “field” and “laboratory” measurements. The “laboratory”
measure was considered the most reliable value. However, information
on the type of measure was not available and we followed other criteria
based on the difference between the measures and their standard error.
The standard error was used as a criterion to take into account that
differences could be higher for values close to LODs. The maximum
acceptable deviation for evaluating methods following the French norm
‘NF T90-210’ by doing an accuracy test comparing a concentration level
measured to the level of estimated accuracy is 60% (Kinani et al., 2018).
We chose this threshold for the difference between values. If two con-
centrations were identical, we kept one of the two (N = 50,697). When
the difference between values was over 60% and the standard error of
the two values exceeded the 90th percentile of the standard deviations of
the other multiple observations for each parameter, the given multiple
values were excluded (N = 13,670). Otherwise, we kept non-imputed
concentrations (regarded as more reliable) over imputed ones. If the
two concentrations were imputed, we kept the one imputed from a
known LOD. Thus 11,254 observations were excluded. Samples with
multiple measures with discrepancies on the measurement point (dis-
tribution network or treatment plant) and/or the location of the sam-
pling site (e.g. different municipalities) were also excluded (N = 158
observations) (Fig. 1). All the other measures were averaged, leading to
a total of 24,733,143 observations.

2.5. Harmonization of municipality codes

French municipalities may have changed over time: some being
merged or divided. Municipality codes and changes are recorded by the
National Institute of Statistics and Economic Studies (INSEE, Institut
National de la Statistique et des Etudes Economiques). Updates of INSEE
codes have been tracked by searching the history of the codes on the
INSEE’s website. Each municipality was assigned one geocode repre-
senting its barycentre, extracted from the official database of postal
codes, managed by ‘La Poste’ (2017) (https://www.data.gouv.
fr/fr/datasets/base-officielle-des-codes-postaux/). Municipality sur-
faces were provided by the National Institute of Geographical and
Forestry Information (IGN, Institut National de I’information géographique
et forestiere) in 2022 (https://www.data.gouv.fr/fr/datasets/correspon
dance-entre-les-codes-postaux-et-codes-insee-des-communes-francaises

/).

2.6. Identification of abnormal geocodes

In order to check the plausibility of geocodes, we firstly projected the
points on the map of France. Points that were projected outside of the
map were considered as abnormal geocodes. For the remaining points,
we computed the following metric:

dist,?
my=—7xr—————-—
surf_area, x nbm,
where:

- dist, is the distance between a point p and the centroid of its mu-
nicipality in kilometres

- surf_area, is the surface area of its municipality in squared
kilometres

- nbm,, is the number of municipalities with the same geocodes as the
municipality of the point p.

Several municipalities had the same geocode since some centroids
have not been updated after a dissolution of an older municipality or a
merge of older municipalities. We took into account the number of

Environmental Research 259 (2024) 119557

municipalities with the same centroid geocode in order to penalize less
points whose corresponding municipality surface has shrunk after a
dissolution. All points with the previous metric above the 99th percen-
tile of the distribution of the metric were considered as abnormal
geocodes. Samples collected at the surveillance area Ventimille, in the
Italian border were excluded (N = 2,087) given that samples corre-
sponded to the Italian side.

2.7. Harmonization of geocode projection system

Abnormal geocodes appeared to be in projection systems other than
Lambert93, the current official French projection system: Lambertl
(North), Lambert2 (étendu and centre), Lambert3, WGS84. Some geoc-
odes had their X and Y coordinates inverted and/or had missing dots that
were clearly identifiable. Other in WGS84 were misplaced in the char-
acter string detailing the location of the sampling. A total of 37.7%
incorrect geocodes (51.9% of sampling points with tap water and 20.8%
for treatment plants) could be corrected and converted into Lambert93
projection system (N = 31,039). The rest were considered as missing (N
= 51,196).

2.8. Imputation of missing geocodes

Geocodes were available for some sampling locations at specific
years and not others. The string character detailing the sampling site
location was harmonised by text mining (removal of accents, putting
everything into capital letters, removal of recurrent noise, etc.) and used
to impute missing geocodes by a Last Observation Carried Forward
(LOCF) approach grouped by surveillance area, measurement point
(treatment plants or distribution unit), water source (ground, surface,
sea, or mixed) and location. For instance, if we had the geocode for the
location “Chez Monsieur Dupont — Evier Cuisine” and no geocode for
“chez monsieur Dupont — Cuisine” in a same surveillance area with the
same water source, both locations were transformed into “CHEZ MON-
SIEUR DUPONT” before the use of the LOCF approach.

Addresses were also found in the string character detailing the
sampling location. In order to geocode these addresses we used the
Address National Base (BAN, Base Nationale Adresse) through the Na-
tional French platform ‘adresse.data.gouv’. We included a filter on
municipality codes during the geocoding to ensure that geocoded ad-
dresses would be placed in the correct municipality. For each input, we
received geocodes, the corresponding addresses, the precision level of
the geocoding (house number, locality, municipality or street) and a
[0-1] precision score. We defined thresholds to exclude badly geocoded
addresses for each level of precision: 0.30 for house number, 0.45 for
street and 0.50 for locality. The thresholds were quite low since the
geocoding tool was able to geocode correctly addresses containing
remaining noise in the character strings (e.g. the substring “CHEZ
MADAME DURAND -” in the location string “CHEZ MADAME DURAND
— 21 RUE DES PEUPLIERS™). Kappa statistics were performed to assess
agreement of the given addresses leading to 0.91 for house number, 0.84
for street, 0.77 for locality.

Finally, since city halls are widely used as sampling sites, we trans-
formed string characters containing the word “MAIRIE” into just
“MAIRIE” before applying again the LOCF approach grouped by sur-
veillance point and water source to impute geocodes. This step was the
last in order to avoid removing potential addresses for the previous
geocoding method.

2.9. Data aggregation by surveillance area and year

In order to link concentrations with CONSTANCES participants’
addresses, we used surveillance areas as the statistical unit. Surveillance
areas are locations defined by the ARS to ensure the sanitary control of
drinking water, and are considered to have a homogenous quality. Each
surveillance area focuses either on distribution system/tap water
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(NTTP) or treatment plants (TTP), and have different sampling fre-
quency for each parameter. Measurements were conducted in different
locations in a same surveillance area, month or year, and sampling
frequency was not homogeneous (e.g. could be increased some months
for different reasons such as pollution events). In order to have one
concentration value by year, surveillance area, and parameter, we first
aggregated the database per month, year and surveillance area and
calculated the monthly median for each year. Missing water source was
assigned the most frequent water source in the corresponding surveil-
lance area. We then aggregated again the database per year and sur-
veillance area to calculate the annual median concentration.

We geocoded surveillance areas using the centroid of existing sam-
pling geocodes in the area. We computed distance between geocoded
points in a same area: if the maximum distance between points was
above 20 km and there were 5 or less geocoded points, we considered
that the centroid of existing geocodes may not be correct and imputed it
with the centroid of the municipality of the surveillance area. For sur-
veillance areas with no geocodes, we also used the centroid of the mu-
nicipality. Due to the lack of real geocodes, we had several surveillance
areas allocated to the centroid of their municipality (e.g. the same
point). Since the samples done in these areas could come from different
water sources, we used a jittering approach instead of aggregating the
values at the centroid: each component of the new geocodes (X and Y
coordinates) were random values generated/extracted from a normal
law with a mean equal to each component of the centroid of the mu-
nicipality and a standard error of 100. We added rows for missing years
for each surveillance area of the dataset. We used a last observation
carried forward approach for the characteristics of the surveillance area
(geocodes, source of water, region, department, UDI). Concentrations of
these generated rows were considered as missing. The aggregated data is
summarised in Table S3.

2.10. Estimated concentration of THMs and nitrate in surveillances areas

In order to estimate missing annual THM and nitrate median levels
by surveillance area (Table S3), we used linear mixed models for each
chemical: nitrate, chloroform, bromodichloromethane, dibromochloro-
methane, bromoform, and total THMs (sum of chloroform, bromodi-
chloromethane, dibromochloromethane, and bromoform) adjusted for
water source, department, and year, with random intercept with sur-
veillance area as a clustering variable. We tested different models by
region using different transformations in parameters depending on their
distributions: square root and log-transformation. In order to select the
best model, we computed the conditional R%, e.g. proportion of total
variance explained through both fixed and random effects. We then
selected the model with the highest R% In some cases, when the as-
sumptions of the model with a highest R? did not seem correct and the
ones of the model with the second highest R? seemed better, we selected
the second model. An interaction term between year and water source
was added to include source-time trends in the models. Year was used as
a factor variable since temporal trends were rarely linear. Separate
models were run for measurements at TTP and at NTTP.

Two prediction sets were established: a marginal prediction which
only uses the fixed part of the model, and a conditional prediction which
uses both (fixed and random). Conditional predictions could only be
conducted for surveillance areas used in the model. We predicted
missing values of THMs and nitrate for each model and retained the
conditional predictions. Negative predicted values were imputed half
the median LOD of the corresponding parameter, region and year. When
concentrations were missing for a surveillance area belonging to an UDI
with data from other surveillance areas, we calculated the annual UDI
median values to impute missing parameters given that water quality is
considered homogeneous within UDI. Values that could not be predicted
or imputed remained as missing. Different aspects of these choices will
be discussed later on.

The inclusion of other parameters as covariates reduced the number
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of observations in the models due to missing values, and we only
compared conditional R? of models with or without the following pa-
rameters: pH, conductivity and free chlorine. As a previous step, the two
conductivity parameters available (Table 1) were merged into one by
applying a conversion factor and missing free chlorine was imputed with
total chorine in order to maximise the number of observations.

2.11. Estimated individual concentration of exposure of CONSTANCES
participants

The study population included 75,462 CONSTANCES participants
with geocoded residential history available for the 2000-2020 period.
Exposure assigned was exclusively based on measurements in samples
from surveillance areas defined by NTTP, that are closer to the con-
sumers compared to TTP. To each non-missing geocode (n = 1,646,819)
of CONSTANCES participants, we linked the water parameter’s con-
centration of the nearest surveillance area from the residence. We did so
even with missing exposure data to minimise misclassification by
ensuring that a participant would not be linked to any point other than
the nearest. For missing geocodes in Metropolitan France (n = 4,533),
and geocodes from foreign countries (n = 20,997) for CONSTANCES
participants we could not assign concentrations, and thus considered
them as missing. If a participant lived at two or more addresses in the
same year, the time spent at each address was used to compute a
weighted mean.

2.12. Comparison between estimated and measured concentrations

A sampling campaign was conducted in Paris, Rennes and Saint-
Brieuc in September 2021 in public places (e.g. schools, hospitals, res-
taurants, hostels). Nitrate, chloroform, bromodichloromethane, dibro-
mochloromethane, bromoform, and total THMs were measured in
drinking water samples in 50 sampling points in Paris, 25 in Rennes, and
25 in Saint-Brieuc (total 100 samples). We considered these sampling
points as residential addresses of fictitious individuals and used our
approach to estimate concentrations at these points using SISE-Eaux
data for 2021. THMs concentrations in 2021 were not available for
Paris. We examined the Pearson correlation coefficients between the
annual residential concentrations obtained with the SISE-Eaux database
in 2021 to the residential concentrations obtained with the sampling
campaign.

All analyses were performed using R version 4.0.4 (R Foundation for
Statistical Computing).

3. Results
3.1. Description of the SISE-Eaux database

This study’s SISE-Eaux extraction contained 26,322,366 observa-
tions before cleaning, corresponding to different parameters (Table 1).
On average, 31% of observations corresponded to measurements in TTP
and the rest corresponded to samples in NTTP. Chloroform and bro-
moform showed the highest proportion of values below the LOD, 55%
and 50%, respectively. In total, 80.6% of sampling locations were poorly
or wrongly geocoded. Geocoding quality differed by region, from 7.9%
of the sampling locations correctly geocoded in Auvergne Rhone Alpes
region to 57.1% in Pays de la Loire region. After cleaning and imputation
of missing and incorrect coordinates, 9 regions out of 13 had more than
40% surveillance areas correctly geocoded (87.3% and 92.1% for the
Provence Alpes Cote d’Azur and Centre Val de Loire regions, respectively).
On the contrary, the Corse region had 67.4% of its surveillance areas
allocated to the barycentre of their municipalities.

Sampling frequency differed by surveillance area and parameter. For
instance, 53.2% of the surveillance areas had five or less annual median
concentrations of nitrate, and 83.9% for bromoform. Monitoring fre-
quency increased over the years, from 14.8% of surveillance areas
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analysing nitrate in 2000 to around 24% in 2020, and from 0.2% of
surveillance areas analysing chloroform in 2000 to 11.2% in 2020. This
increase is particularly important for THMs between 2003 and 2004
(0.8% of surveillance areas in 2003 and 4.4% in 2004).

After aggregation of the database, water source was 77.6% ground,
13.6% surface, and 8.7% mixed. Sea and missing accounted for less than
0.1%. These proportions differed by region. For instance, Brittany
showed the highest surface water (45.6%) and the lowest percentage of
ground water (19.1%) sources. Approximately 40% and 23% of sur-
veillance areas had only one chloroform and nitrate value, respectively,
after aggregation by year. Four regions (out of 13) (Fig. S3) had <70%
missing annual nitrate concentrations. Brittany had the highest per-
centage of annual nitrate data (69.3%), followed by Normandy (48.8%),
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Centre Val de Loire (47.2%) and Hauts de France (30.9%). For chloroform,
only two regions have more than 10% of annual concentrations.

3.2. Trihalomethane and nitrate concentrations

Temporal trends in concentrations differed across regions and by
water source. In Fig. 2 we show the case of nitrate in Brittany and Ile-de-
France as examples. In Brittany, there is a decreasing pattern of nitrate
levels for all water sources (Fig. 2A). Those in sea water were extremely
low compared to the others. In Ile-de-France, annual concentrations in
ground water showed a slightly decreasing pattern over the years while
levels in mixed and surface water decreased between 2003 and 2004 to
rise again until 2020 (Fig. 2B). Nitrate levels remained stable over time
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in other regions. Annual levels of individual THMs were below the WHO
guidelines in all regions, except in a few surveillance areas for some
years. Bromodichloromethane concentrations were above WHO guide-
lines in surface water in 2001. In general, chloroform, bromodichloro-
methane, dibromochloromethane, and bromoform concentrations were
higher in surface than in ground water. THM concentrations were usu-
ally higher before 2004.

3.3. Multivariate models used to impute missing trihalomethanes and
nitrate annual average concentrations

Conditional R? were higher than marginal R? in all models, meaning
that most of the variation in the concentrations is explained by the
random part of the model e.g. surveillance areas, the spatial effect.
Conditional R? were particularly high for nitrate, from 0.71 to 0.91
(median: 0.85) for NTTP. For THMs, conditional R? were higher in
Auvergne Rhone Alpes and lower in Brittany (0.80 and 0.53 respectively).
Adding covariates (pH, conductivity, and free chlorine) did not change
the models substantially in terms of marginal R%: 0.80 with and without
covariates for nitrate and 0.49 with or without covariates for bromoform
in Brittany for NTTP (0.91 and 0.91 for nitrate and 0.79 and 0.78 for
bromoform in the Auvergne Rhone Alpes region). As no prediction was
done for surveillance areas without any annual concentrations, imputing
the median of the UDI allowed us to impute more than 30% of the
chloroform values of each region, except for Brittany where most of the
values have been predicted. Even after predicting and imputing values,
46.7% of the THM s values of the Grand Est region remained missing (see
Fig. 3 and Table S4).

3.4. Personal exposure information among CONSTANCES participants

The median (interquartile range) distance from the participants’
residences to the nearest surveillance area was 451 (651) meters. The
residential geocode was based on the exact address for 63% study par-
ticipants, street-match level for 26%, the neighbourhood centre (as
defined by IRIS - Ilots Regroupés pour I’Information Statistique) in 6%, and
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postal code centre in 5%. In total, 85% nitrate and total THM annual
values were based on real sampling geocodes, and the rest were imputed
based on the centroid of several geocodes available for the same sam-
pling area. A total of 44% of nitrate (46% of total THM) annual values
were based on model predictions, 34% (16%) were based on actual
concentrations, and 22% (38%) were based on UDI median values.
Median concentration of chloroform, bromodichloromethane, dibro-
mochloromethane, bromoform, total THMs, and nitrate in the residence
of study participants for the period 2000-2020 was, respectively, 1.8,
2.8, 4.8, 3.3,15.6 ug/l, and 15.3 mg/1. Around 99% of THMs and nitrate
concentrations at this study participants’ home were below the WHO
guidelines (sum of ratios “THM component values: guideline values” <1
and 50 mg NOgs/1) for the period 2000-2020, with higher levels in
specific areas. Fig. 4 depicts the annual nitrate and total THM concen-
tration among study participants for the period 2000-2020. None of the
participants were allocated to a surveillance area dealing with sea water.

3.5. Comparison between estimated and measured concentrations

Nitrate concentrations in our sampling and those based on the SISE-
Eaux database were highly correlated in Paris (r = 0.85, p < 0.001). In
Saint-Brieuc, correlations were moderate to low (from r = —0.11 for
nitrate to r = 0.45 for bromodichloromethane, all p-values were above
0.05) and distributions of the different parameters showed no contrast
between UDIs (Fig. 4, Fig. S1). In Rennes, correlations ranged from r =
—0.26 for nitrate to r = 0.39 for total THMs, with all p-values above
0.05. For all cities, contrasts between UDIs in the two databases were
similar (see Fig. 5). Concentrations of THMs were higher in our sampling
than those in the SISE-Eaux database as opposed to nitrate.

4. Discussion

We described the process to repurpose a database originally created
for routine monitoring of drinking water quality in order to assess
exposure in epidemiological research. We focused on THMs and nitrate
in Metropolitan France, and aimed to cover an exposure period
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etiologically relevant for cancer in the framework of the prospective
CONSTANCES cohort study in France. This study addresses key chal-
lenges such as data cleaning of parameters of interest in drinking water
and geocoding sampling points in a large dataset. Estimated concen-
trations resulting from this approach were compared with measured
concentrations in collected samples showing various results depending
on the number of points and the geocoding quality. We linked the water
parameter concentration of the surveillance area nearest to the CON-
STANCES participants residences to created individual exposure
estimates.

Data availability on water quality varied over time and across ge-
ography. Sampling frequency depended on population density, and
ranged from once every 10 years in areas with less than 50 inhabitants
served to once a month for more than 300,000 inhabitants served.
Samples were more frequently collected at the outlet of TTP than at the
tap level. On the other hand, there are more surveillance areas corre-
sponding to NTTP compared to TTP. Specifically, THMs were only
routinely analysed since 2004, after the 2003 French regulation
following the European directive 98/83/CE of November 1998 (Mouly
et al., 2009). Sampling frequency has been more stable since 2005
(Corso et al., 2017). These different sampling frequencies have an
impact on our predictions. First, estimated THMs concentrations before

2004 are less accurate and reliable since we do not know the reason of
the sampling, that might be related to hotspots. Interpretation of tem-
poral trends must remain cautious. Post-chlorination was always applied
to surface water but was only promoted in 2003 by health authorities for
groundwater and implemented progressively (Corso et al., 2018). This
could seem contradictory with the fact that THMs values were higher in
tap water coming from ground water for some regions before 2003 and a
few years later (e.g. bromoform in tap water in Normandy or Occitanie).
Nitrate concentrations were found to be above the WHO guideline (50
mg/1) in most of the regions, but this occurred in specific surveillance
areas. These higher levels were local (agricultural zones in the
south-west of Paris for instance). Despite intense agricultural activity,
Brittany managed to lower the level of nitrate in water below the WHO
guideline (50 mg/1) in 2020. Overall, the mean estimated nitrate con-
centration was lower than the mean concentration found in ground-
water in Europe (16.4 mg/1 in our population for 2000-2020 vs. 21.0
mg/] in Europe for the same period) (European Environment Agency,
2023). Estimated THMs concentrations seemed to be higher than those
in Europe (mean of 19.1 pg/1 in our population for 2000-2020 vs.
population weighted mean of 11.7 pg/1 in Europe for the 2005-2018
period) (Evlampidou et al., 2020). However, accuracy and coverage
were not homogenous among countries in this study and mean
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concentrations were based on treatment plant concentrations for some,
including for France.

Concentrations were considered homogeneous in a same surveil-
lance area although measurements were not always conducted at the
same spot. THM levels are known to vary seasonally (Charisiadis et al.,
2015; Xu et al., 2022). Given that we aimed to generate an exposure
metric etiologically relevant for chronic diseases, we prioritised to
evaluate annual averages by-passing seasonal trends. Annual aggregated
value in a surveillance area represented the median of a
monthly-varying number of measurements. In that case, the

representativity of the annual median value depended on the number
and distribution of samples over the months (Mouly et al., 2009). Total
organic matter and pH are also water quality parameters often used to
predict THMs concentrations (Brown et al., 2011; Hong et al., 2020;
Uyak et al., 2005; Xu et al., 2022). However, total organic carbon was
sampled essentially in treatment plants and not at the tap level in France
and we were not able to make use of this variable.

During the data cleaning process of SISE-Eaux database, we dealt
with spelling mistakes, typing errors, or missing decimal points. Several
outliers appeared to be measurements recorded in the wrong unit. These
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errors tended to happen less frequently in recent years but correcting
these values manually is essential when historical data is used in
retrospective studies. Procedures for handling outliers are not usually
provided, especially when individual exposures considering tap water
consumption are reported (Menard et al., 2008). Moreover, previous
studies did not use the same measurement window or spatial statistical
individual for the estimation of concentrations of parameters as we did
in this study (Costet et al., 2012). Therefore, it was challenging to have
an insight on how researchers manage errors in raw monitoring data.
Most studies using monitoring data rarely provided details on their data
cleaning process as well as the study using the SISE-Eaux database
(Beaudeau et al., 2010).

Correcting geocodes of sampling points presented another challenge.
Many geocodes were missing or belonged to different map projection
systems (French Lambert 93 or WGS 84, for instance), which could
induce misplaced sampling sites leading to exposure misclassification.
Before feeding nation-wide databases, effort should be made to
harmonize local databases, especially regarding the map projection
systems, and users of such databases must first carefully check them.
Ideally, geocodes should be accurately recorded for each sample or at
least for each surveillance area. We also found different LODs for a same
parameter by department and year. Even if different equipment was
used over time and its accuracy increased in recent years, we also found
different LODs for a same parameter, department and year. Laboratories
may have equipment with different performance.

Three potential statistical units could have been used to assign
annual median concentrations to CONSTANCES participants. First,
assessment could have been done based on the UDI. Since levels of pa-
rameters are homogeneous within UDI, using geocodes would not have
been necessary in this case. Unfortunately, UDIs keep changing over
time due to merging or disaggregation and there is no history of UDI
geographic vector data covering all France and all years, so this
approach was not possible. Secondly, sampling site could have been
used. However, with nothing to identify them easily except their geo-
code, it was hard to determine whether several very close sampling
points represented multiple sampling sites or a single sampling site
which was poorly geocoded over time. Modelling at the sampling site
was complicated, since there were too few repeated measures by sam-
pling site. For these reasons, our choice was the surveillance area, rep-
resented by a point, since no polygon was available to delineate such
areas. As a result, annual concentration assessment has to be done by
taking the water quality value of sampling area (as a point) closest to
each participant’s residence. With a total of 134,057 surveillance areas
in mainland France, this approach allowed us to get a good contrast of
concentrations across the country.

Exposure measurement error is expected to be higher for tri-
halomethanes compared to nitrate given that there were more mea-
surements for nitrate than for THMs, and also predictive models
performed better (overall median R? was 0.85 for nitrate vs. 0.68 for
total THMs). In total, 35% annual nitrate estimates assigned to study
subjects corresponded to actual concentrations (vs. 16% of total THMs
estimates). In addition, exposure misclassification can be higher in less-
densely populated areas with fewer surveillance areas and poorly geo-
coded areas since we have solely one point representing an entire area.
Our approach may be limited when dealing with peculiar UDI shapes,
where the closest surveillance area does not necessarily belong to the
UDI providing water to a participant’s residence. Areas with a high
number of well-geocoded points let us capture the shapes of these UDIs
and to reduce the risk to assign a participant to a wrong UDI. Indeed,
correlations between real concentrations and estimated concentrations
of nitrate were more correlated in Paris than in Rennes or Saint-Brieuc,
due to its higher number of correctly geocoded sampling areas. It is
remarkable that we collected samples in September 2021, one month
after a period of drought in Brittany, while SISE-Eaux data included
several months. The limited comparability of timespan can additionally
explain the moderate to low correlations between both measurements in
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Saint-Brieuc and Rennes. Indeed, punctual pics in temperature are
smoothed by taking annual concentrations with SISE-Eaux.

There are very limited previous examples of nation-wide studies
evaluating exhaustively concentrations of drinking water contaminants.
To our knowledge, our study is only comparable to the previous Danish
study that evaluated nitrate exposure from drinking water over 35 years
using routine monitoring data (Schullehner and Hansen, 2014). Still,
there are remarkable differences in terms of population (5 million in
Denmark vs. approximately 65 million inhabitants in Metropolitan
France), number of municipalities (98 in Denmark, 34,826 in Metro-
politan France), water supply areas (2852 in Denmark, 134,057 sur-
veillance areas in Metropolitan France) and water source (virtually
100% ground in Denmark, multiple sources in France). In addition, we
included THMs while the Danish study focused only on nitrate. Both
studies set a precedent that we hope will be expanded to other countries
to exploit nation-wide centralised water quality data for epidemiological
research despite the inherent challenges.

5. Conclusion

We described in detail the procedure of SISE-Eaux database cleaning,
as a first step to estimate long-term exposure concentrations to THMs
and nitrate in the CONSTANCES cohort. Future epidemiological analysis
based on our nitrate and THM exposure estimates should consider ac-
curacy in balance with statistical power. The cleaning process intro-
duced here could be adapted to other large drinking water monitoring
data in future studies.
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