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ABSTRACT
European populations are chronically exposed to fluoride, as fluoride is supplemented for caries prophylaxis and is furthermore 
present in some food sources. As there is evidence that fluoride exposure at drinking water concentrations above 1.5 mg/L is as-
sociated with lower IQ in children, total daily intake in Europe might be close to or above this exposure level. Concerning health 
effects in Europe, epidemiological data are limited. Therefore, it would be beneficial to consider existing studies from non-EU 
countries to transfer observed effects to the exposure situation in Europe. Additionally, animal data could also deliver support-
ing information, if equivalent doses could be calculated. In this work, a methodology was developed to determine daily fluoride 
intake and excretion in Europe and align it to concentrations reported in animal and epidemiological studies. With this, a total 
daily intake of 2.05-mg fluoride for 3-year-old children and 3.8-mg fluoride for adults was estimated. For 3-year-olds, this value 
exceeds the current recommendations of fluoride intake by EFSA and even the tolerable upper intake level. The daily urinary 
fluoride excretion was calculated to be 0.72 mg/day, and for adults, it was 2.05 mg/day. For in vivo studies, rat exposure to fluo-
ride drinking water concentrations of 12.5 ppm was considered to be equivalent to the daily fluoride intake in Europe. With the 
presented approach, equivalent doses can be applied to select international epidemiological as well as in vivo studies reflecting 
the fluoride exposure situation in European countries to extrapolate potential health effects.

1   |   Introduction

Long-term exposure to high fluoride doses has long been known 
to induce severe health issues as observed in regions having nat-
urally high groundwater concentrations such as India, China, 
and Mexico. In those regions, being located in one of the world's 
five fluoride belts,1 where fluoride drinking water concentra-
tions can be above 6 mg/L (Chowdhury et al. 2019), severe dental 
and crippling fluorosis can be observed, and fertility issues have 
been reported as well (Choubisa 2012; NRC 1993). Several epide-
miological studies are dealing with health issues associated with 
chronic exposure to high fluoride concentrations in these areas 
(Chahal et al. 2014; Chauhan et al. 2013; Choubisa 2012; Duan 

et al. 2016; Godebo et al. 2020; Jaganmohan et al. 2010; Koroglu 
et al. 2011; Liu et al. 2014, 2019; Ortiz-Pérez et al. 2003; Quadri 
et al. 2018; Rango et al. 2014, 2017; Shashi and Singla 2013; Sun 
et al. 2013; Wasana et al. 2016; Wu et al. 2019; Yasmin et al. 2014; 
Zhao et al. 2015; Zhou et al. 2012).

In 2006, the National Research Council (NRC) first pub-
lished an evaluation suggesting an association between 
high levels of fluoride in drinking water and adverse 
neurological effects in humans (NRC  2006). Since then, 
many studies have been published dealing with this topic. 
Recently, assessments by the National Toxicology Program 
(NTP) and Health Canada conclude with moderate confidence 
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that fluoride exposure at drinking water concentrations above 
1.5 mg/L is associated with lower IQ in children (NTP 2024; 
Health Canada 2023).

In European countries, the current legal limit for drinking 
water in Europe is 1.5 mg/L and therefore close to the thresh-
old suggested by NRC, although actual drinking water levels 
in Europe are generally below 0.3-mg/L fluoride. However, 
total fluoride exposure is higher than through drinking water 
alone. European populations are chronically exposed to flu-
oride since oral exposure occurs voluntarily or by regulation 
through fluoridated salt (Götzfried  2006) as well as further 
sources such as fluoridated toothpaste. Furthermore, fluoride 
is inherently present in some food sources, such as fish or 
black tea, increasing intake further. Therefore, the total daily 
intake in Europe might be close to or above the intake through 
drinking water, with 1.5 mg/L fluoride being associated with 
adverse health effects.

However, epidemiological studies regarding adverse health ef-
fects through chronic fluoride exposure in Europe are sparse. 
In the NTP report, only two studies were cited from Europe. 
Therefore, more data are needed to address possible adverse 
health effects for this distinct exposure situation.

Since numerous epidemiological studies are already available 
from non-EU countries, dealing with health effects through 
fluoride exposure, their use for the European context would 
be advantageous. The majority of these studies have been 
performed in regions with high levels of naturally occurring 
fluoride in drinking water or community water fluorida-
tion outside of Europe. Here, the exposure situation is dif-
ferent, as the main fluoride source is fluoridated water and 
not salt, as it is the situation in Europe. Therefore, single in-
take dosages as well as intake frequency differ. To relate ef-
fects observed in existing studies to the specific situation in 
Europe, the total daily fluoride intake needs to be compara-
ble. By using a marker of total intake, such as urinary fluoride 
excretion, intake can be compared regardless of the different 
sources.

In addition to epidemiological studies, many in  vivo studies 
on the influence of fluoride on animal health have been pub-
lished, which may provide valuable supportive insights. To 
make these data comparable, a correlation of the intake across 
the different species is required. Since animals are typically 
exposed to fluoride via drinking water, a direct comparison 
can be made to human epidemiological studies with the same 
exposure route. The corresponding drinking water level in 
humans can further be compared to the European situation 
by using urinary fluoride excretion as a marker of fluoride in-
take, in order to finally determine equivalent fluoride expo-
sure levels in rats.

To address all mentioned aspects, the following approach was 
taken in this study:

1.	 Determination of daily fluoride intake in Europe

2.	 Determination of daily urinary excretion in Europe to cor-
relate the intake situation to epidemiological studies

3.	 Correlation of fluoride intake from rat studies to epidemi-
ological studies with drinking water exposure and further 
alignment to fluoride intake in Europe

2   |   Methods

2.1   |   Determination of Realistic Daily 
Fluoride Intake

In countries with low natural fluoride occurrence, fluoride is 
supplemented for caries prophylaxis in different ways. Besides 
toothpaste, fluoridated salt is the main source, but fluoride-
containing mouthwash can also contribute. Although drinking 
water contains only low natural fluoride levels, it also adds to 
overall intake as well as food with high fluoride content, such 
as fish and black tea. Fluoride tablets are only recommended 
in specific situations. For different age groups, the share of the 
single sources differs substantially as presented schematically 
in Figure 1.

For 3-year-old children, drinking water and toothpaste (used 
twice a day as recommended) are assumed to be the main flu-
oride sources, but fish consumption can contribute to the total 
intake as well. Mouthwash is not recommended, intake through 
salt is low in this age group, and black tea is not considered 
relevant. Fluoride tablets are only recommended if no fluoride 
toothpaste is used (BfR 2018; DAKJ 2007).

With increasing age, other fluoride sources gain more impor-
tance as, dependent on water fluoride concentrations, the 
usage of fluoridated salt or fluoride tablets is recommended (in 
Germany) to reach a certain daily fluoride dose (DAKJ 2007).

For children 6 years and older as well as adults, it is assumed 
that exposure to fluoride takes place through toothpaste, drink-
ing water, and food (due to fish, tea and fluoridated salt).

Usage of fluoride tablets is not common in children above 
4 years and adults since they are only recommended as an 
alternative to fluoridated salt (BgVV  2002). Therefore, they 

FIGURE 1    |    Main sources of fluoride supplementation for different 
age groups.
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are not additionally considered for the calculation of the daily 
worst-case intake.

Furthermore, for children above 6 years and adults, mouth wash 
can contribute to the total intake. For adults, black tea consump-
tion can further increase the total intake.

Therefore, the daily total fluoride intake depends on the age 
group and within the group on the intake of different fluo-
ride sources and amounts (e.g., drinking water, food, supple-
ments, toothpaste/oral care products). To calculate a realistic 
range of daily intake levels in Europe, the recommendations 
for toothpaste usage as published by the European Academy 
of Paediatric Dentistry and, additionally, studies about tooth-
paste dosage and ingestion served as a first approach to assess 
an exposure range (Barnhart et al. 1974; Cochran et al. 2004; 
Creeth et al. 2013; de Almeida et al. 2007; Franco et al. 2005; 
Martínez-Mier et  al.  2003; Naccache et  al.  1992; Omid 
et al. 2017; Rojas-Sanchez et al. 1999; Stoye-Herzog et al. 2009; 
Thornton-Evans et al. 2019; Toumba et al. 2019; van Loveren 
et al. 2004; Wiener et al. 2009; Zohoori et al. 2012). Moreover, 
exposure through other sources such as food, drinking water, 
and mouthwash was additionally regarded. Foods other than 
those supplemented with fluoride through salt were not con-
sidered as they contain only very small amounts of fluoride. 
An exception to this is fish and seafood as well as black tea, 
which can contain high amounts of fluoride and are therefore 
considered.

2.2   |   Determination of Equivalent Exposure 
Ranges in Epidemiological Studies

Most epidemiological studies evaluating fluoride exposure were 
performed in regions with naturally high fluoride concentra-
tions in groundwater or community water fluoridation outside 
of Europe. In contrast to Europe, where salt is the major flu-
oride source, in these regions, the fluoride is mainly delivered 
through drinking water, and fluoride doses as well as exposure 
frequency differ substantially.

In order to correlate epidemiological studies to the exposure 
situation in Europe, the total daily fluoride intake must be 
aligned.

As in some epidemiological studies, sources other than water 
might not be included or quantitatively determined, the daily 
urinary fluoride concentration is a more accurate indicator of 
actual total fluoride intake and is therefore considered for cor-
relation purposes.

2.3   |   Determination of Equivalent Doses in 
Animal Studies

To compare fluoride doses applied to rats in in vivo studies with 
the fluoride exposure situation in humans in Europe, a reverse 
estimation of exposure has been performed based on plasma lev-
els of rats and humans with dental fluorosis.

As animals are mostly exposed to fluoride through drinking 
water, first, a correlation was made to epidemiological studies 
with drinking water exposure. Subsequently, the determined dose 
from epidemiological studies was correlated to the European sit-
uation to finally determine an equivalent dose in animal studies.

3   |   Results and Discussion

3.1   |   Determination of Realistic Daily 
Fluoride Intake

3.1.1   |   Detailed Data on Fluoride Ingestion via 
Toothpaste Usage

According to the European Academy of Paediatric Dentistry, 
different amounts of toothpaste are recommended for children 
depending on their age (Toumba et al. 2019). For children up to 
2 years, a smear (or size of a grain of rice, 0.125 g) should be ap-
plied, and for children 2–6 years, a pea-sized amount (0.25 g) is 
recommended. For children up to 6 years, a 1000-ppm toothpaste 
is recommended to be used twice a day. For over 6-year-olds 
and adults, up to a full load (0.5–1 g) of a toothpaste containing 
1450 ppm should be used twice a day.

However, dispensing the right dosage is challenging for children 
and caregivers. Several researchers studied whether recommen-
dations can actually be implemented by children and parents 
and found that toothpaste is often overdosed. For children up 
to 6 years, applications of 0.5 g, 1 g, or even more are common 
(Creeth et  al.  2013; Martínez-Mier et  al.  2003; Stoye-Herzog 
et al. 2009; Thornton-Evans et al. 2019; van Loveren et al. 2004; 
Wiener et al. 2009).

Besides amounts being higher than recommended, it was found 
that children have high ingestion rates. Researchers analyzed 
expectorated toothpaste and residues left on the toothbrush and 
found that the ingestion decreases with age due to improving 
disgorging skills. Consequently, young children have the high-
est rates of ingestion. For 1- to 3.5-year-old children, rates were 
reported to be 43%–85.7% (Cochran et  al.  2004; de Almeida 
et  al.  2007; Franco et  al.  2005; Naccache et  al.  1992; Rojas-
Sanchez et al. 1999; van Loveren et al. 2004).

Ingestion rates of older children and adults are less frequently 
studied, but for 6-year-old children, rates of 13.9%–36% have 
been given (Barnhart et al. 1974; Zohoori et al. 2012). One study 
reported a mean ingestion rate of 2.9% for adults 20–35 years 
of age (Barnhart et al. 1974). This value is in accordance with 
newer data, reporting that ingestion in adults is less than 10% 
(European Commission 2010).

Based on the given data, a consumption of 1 g toothpaste twice 
a day is considered for all age groups. Furthermore, worst case 
ingestion rates are considered, being 80% for children up to 
3 years, 36% for 6-year-old children, 30% for 8- to 10-year-old 
children (extrapolated value based on data for 6-year-olds, as no 
data were available for this age group), and 3% for adults (data 
given in Table 1).
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3.1.2   |   Detailed Data on Fluoride Ingestion via 
Mouth Wash

With regard to mouth wash, a twice-daily usage of 10-mL 
mouth wash containing 100 ppm fluoride is assumed for chil-
dren 6 years and older. For younger children, use of mouth wash 
is not considered, as it is not recommended for this age group. 
Adults use 20-mL mouth wash twice a day, containing 300-ppm 
fluoride. Ingestion of mouth wash is calculated based on the in-
gestion rates given for toothpaste (Barnhart et al. 1974; Cochran 
et al. 2004; Omid et al. 2017; Zohoori et al. 2012). Considered 
data are given in Table 2.

3.1.3   |   Detailed Data on Fluoride Ingestion via Salt

Daily salt intake is calculated based on data from the BgVV 
(Bundesinstitut für gesundheitlichen Verbraucherschutz und 
Veterinärmedizin). Since fluoridated salt is permitted in pro-
cessed food and convenience food in Germany, a salt con-
sumption of 2 g/day through homemade food is considered 

(BgVV 2002). The share for children is even smaller. As a realis-
tic worst case, an intake of 1 g is assumed for 6- to 10-year-olds. 
The considered data are listed in Table 3.

3.1.4   |   Detailed Data on Fluoride Ingestion via 
Drinking Water

In most European countries, drinking water contains ≤ 0.3 mg/L 
fluoride. Therefore, a concentration of 0.3 mg/L is assumed as 
the worst case. The total fluoride intake is calculated based on 
the reference values for water intake as published by the DGE. 
Daily water intake considered for the calculation of the daily flu-
oride intake is given in Table 4.

3.1.5   |   Detailed Data on Fluoride Ingestion via Black 
Tea and Fish

Foods other than those supplemented with fluoride through 
salt contain only very small amounts of fluoride. An 

TABLE 1    |    Data for toothpaste use considered for the calculation of the daily fluoride intake to represent a realistic worst case scenario.

Age group
Fluoride concentration 

in toothpaste
Amount of toothpaste 

used per day Ingestion rate
Resulting fluoride 

exposure p.P.

Up to 3 years 1000 ppm 2 g 80% 1.6 mg

6 years 1000 ppm 2 g 36% 0.72 mg

8–10 years 1450 ppm 2 g 30% 0.87 mg

Adults 1500 ppma 2 g 3% 0.09 mg
aMaximum permitted fluoride concentration in toothpaste according to the German Kosmetikverordnung EG 1223/2009.

TABLE 2    |    Data for mouthwash use considered for the calculation of the daily fluoride intake to represent a realistic worst case scenario.

Age group
Fluoride concentration 

in mouth wash
Amount of mouthwash 

used per day Ingestion rate
Resulting fluoride 

exposure

Up to 3 years Not relevant Not relevant Not relevant Not relevant

6 years 100 ppm 20 mL 36% 0.72 mg

8–10 years 100 ppm 20 mL 30% 0.6 mg

Adults 300 ppm 40 mL 3% 0.36 mg

TABLE 3    |    Data for daily salt intake considered for the calculation of the daily fluoride intake to represent a realistic worst case scenario.

Age group Fluoride concentration in salta Consumed salt per day Resulting total fluoride exposure

Up to 3 years Not relevant Not relevant Not relevant

6 years 310 mg/kg 1 g 0.31 mg

8–10 years 310 mg/kg 1 g 0.31 mg

Adults 310 mg/kg 2 g 0.62 mg
aMaximum permitted concentration for salt in Germany.
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exception to this is fish and seafood as well as black tea, 
which can contain fluoride as well. Therefore, both are con-
sidered as well.

Cao et  al. determined the fluoride content in various black 
tea commodities and found 1.15–6.01 mg/L in black tea bags 
(Cao et  al.  2006). According to Statista, the average German 
consumed roughly 28 L of black tea in 2023 (Statista Research 
Department Forthcoming), which results in a daily consumption 
of about 0.07 L per day. As a cup of tea contains 200–250 mL, the 
latter is assumed, resulting in a daily fluoride intake of 1.5 mg 
from black tea. As children rarely consume black tea due to the 
caffeine content, black tea consumption is not considered for 
children up to 10 years.

Fish can contain significant amounts of fluoride as well. 
Different studies determined the fluoride content in fish and re-
ported concentrations of up to 5 mg/kg (EFSA 2013; Prabhakar 
and Hegde  2021). According to the supply balance for fish, 
Germans consumed 13.7 kg fish per year, which results in a 
daily consumption of 37 g. This is slightly above the German 
Nutrition Society (DGE) recommendation of 240 g fish per week 
(DGE 2025), but in good agreement with most national European 
Food-Based Dietary Guidelines recommending two servings of 
about 150 g each per week (EFSA 2014). With a rounded weight 
of 40 g per day, this would result in an additional fluoride intake 
of 0.2 mg.

3.1.6   |   Total Daily Fluoride Intake and Comparison to 
the EFSA Recommendations

In Table 5, the fluoride intake by source and the resulting cal-
culated total daily fluoride intake—as aggregated exposure—is 
listed. For comparative reasons, the recommended daily fluoride 
intake as well as the upper intake level is shown as published by 
EFSA (EFSA  2006; EFSA  2013). The higher value (calculated 
vs. recommended intake) for each age group is considered the 
realistic worst case for the further assessment.

Besides the recommended daily intake, the EFSA additionally 
defined a tolerable upper intake level for fluoride, being 1.5 mg/
day for 3-year-old children, 2.5 mg/day for 4- to 8-year-olds, 5 mg/
day for 9- to 14-year-olds, and 7 mg/day for individuals > 15 years 
(EFSA 2006; EFSA 2013).

For 3-year-olds, the calculated worst-case intake exceeds not 
only the recommended fluoride intake but also the tolerable 
upper intake.

3.2   |   Determination of Equivalent Exposure 
Ranges in Epidemiological Studies

In order to correlate fluoride exposure in Europe with exposure 
in regions with fluoridated water, the influence of dosage and 
frequency of exposure needs to be accounted for. Therefore, the 
pharmacokinetics of fluoride have to be considered.

After oral uptake, fluoride is rapidly absorbed from the gas-
trointestinal tract and plasma concentrations peak at around 
30–60 min after intake. Clearance from plasma takes place 
through uptake by bone and excretion in urine (NTP  2016) 
and occurs with a half-life of 2–9 h (IPCS 2002; Ekstrand 1977; 
Ekstrand and Ehrnebo  1983). Therefore, severe accumulation 
does not take place and plasma as well as urinary concentrations 
are representative for the single dose intake.

As described above, fluoride exposure in Europe is less evenly 
distributed throughout the day than is the case when exposure 
occurs through drinking water alone. Both scenarios differ by 
means of single intake dosages as well as exposure frequency. 
Therefore, both exposure scenarios cannot be compared based 
on single-dose plasma levels.

However, as described by Speirs after exposure of rats (1986), the 
mean plasma concentration over a given time interval is com-
parable after continuous fluoride exposure and the same total 
dose administered as two single doses. Therefore, plasma levels 
could be considered as a marker for total intake if reported as 
total daily values. However, since this is generally not the case, 
but urinary concentrations are more often reported as total daily 
values in epidemiological studies, these values can be consid-
ered as the basis for comparison.

Villa et al. (2010) reviewed existing data to correlate total daily 
fluoride intake (TDFI) with daily urinary fluoride excretion 
(DUFE). They concluded that there is a strong relationship be-
tween total daily fluoride intake and daily urinary fluoride ex-
cretion but with a different slope for children and adults, being 
0.35 and 0.54 respectively. The difference between the slopes 
results from the higher fluoride retention in children's hard tis-
sues compared to adults because of their growing skeletal sys-
tem (Rugg-Gunn et al. 2011; NTP 2016).

To calculate the urinary excretion for the estimated daily worst 
case intake, as given in Table 5, a urinary output of 1–2 mL/kg 
bw/h for children and 0.5–1 mL/kg bw/h for adults was con-
sidered (Nursing Central 2024). With body weights from WHO 
and CDC growth charts, the urinary output was calculated for 
3-year-old children and adults (Table 6). The resulting urinary 
fluoride concentrations for the estimated daily intake are given 
in Table 7.

Based on the estimated daily fluoride intake in Europe, the 
daily urinary fluoride excretions are 0.72 mg/day for chil-
dren and 2.05 mg/day for adults. Considering the urine 

TABLE 4    |    Data for daily water intake considered for the calculation 
of the daily fluoride intake to represent a realistic worst case scenario.

Age group

Fluoride 
concentration 

in drinking 
water

Water 
intake 
per day

Resulting 
total fluoride 

exposure

Up to 3 years 0.3 mg/L 820 mL 0.25 mg

6 years 0.3 mg/L 940 mL 0.28 mg

8–10 years 0.3 mg/L 970 mL 0.29 mg

Adults 0.3 mg/L 1530 mL 0.46 mg
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volume per day results in urinary fluoride concentrations of 
1.05–2.09 mg/L/day for children and 1.21–2.42 for adults. The 
calculated urine fluoride concentrations are in correlation 

with published data. Haftenberger et  al. reported a total 
daily fluoride intake of 0.48–1.8 mg per day in pre-school 
children with a resulting urinary output of 0.42–1.97 mg/L 
(Haftenberger et al. 2001).

3.3   |   Determination of Equivalent Doses in 
Animal Studies

In order to correlate fluoride exposure in animals and humans, 
it needs to be considered that absorption and distribution differ 
in both species.

For the well-studied endpoint fluorosis, it could be demon-
strated that, despite having differences in metabolism, the ad-
verse effect occurs at similar plasma levels in rats and humans. 

TABLE 5    |    Overview of fluoride intake by source, calculated total intake, recommended intake, and assumed worst case.

Age Source

Daily fluoride 
exposure by 
source (mg)

Total fluoride 
intake per 
day (mg)

Recommended 
fluoride intake 

per day (mg)

Tolerable 
upper 

intake level 
(mg/day)

Assumed worst 
case fluoride 

intake per 
day (mg)

Up to 3 years Toothpaste 1.6 2.05 0.7 1.5 2.05

Mouthwash Not relevant

Salt Not relevant

Fish 0.2

Black tea Not relevant

Water 0.25

6 years Toothpaste 0.72 2.23 1.1 2.5 2.23

Mouthwash 0.72

Salt 0.31

Fish 0.2

Black tea Not relevant

Water 0.28

8–10 years Toothpaste 0.87 2.27 1.1 5 2.27

Mouthwash 0.6

Salt 0.31

Fish 0.2

Black tea Not relevant

Water 0.29

Adults Toothpaste 0.09 3.23 3.1 (women)
3.8 (men)

7 3.23 (women)
3.8 (men)Mouthwash 0.36

Salt 0.62

Fish 0.2

Black tea 1.5

Water 0.46

Note: Bold values represent the assumed worst case intake per day.

TABLE 6    |    Twenty-four-hour urine output for 3-year-old children 
and adults.

Age
Urine output 

(mL/kg bw/h)

Body 
weight 
(kg)a

Urine output 
(mL/24 h) 

(worst case)

3 1–2 14.3 343–686

≥ 19 0.5–1 70.59 847–1694
aBody weights for 3- to 10-year-old children derived from WHO growth charts 
(50th percentile, boys), body weights for 13- to 20-year-old children and adults 
derived from CDC growth charts (50th percentile, boys/men).
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However, in order to achieve similar plasma levels, rats have to 
be exposed to much higher doses than humans. According to 
Angmar-Månsson and Whitford (1984), disturbances in enamel 
mineralization in the rat incisor occur at fluoride water concen-
trations of at least 10 ppm. Similar findings have been described 
in humans consuming water with fluoride levels of at least 
2 ppm (Butler et al. 1985). Dunipace et al. (1995) concluded that 
rats require about five times greater water concentrations than 
humans to reach comparable plasma levels.

It is not known but plausible that other effects might also occur 
at comparable plasma concentrations in both species.

However, as described above, measurements of plasma fluo-
ride concentrations after single-dose exposure cannot be com-
pared to plasma concentrations during continuous exposure. 
Therefore, plasma concentrations of rats during exposure 
through fluoride in drinking water cannot be directly com-
pared to the exposure situation in Europe but only to levels 
in humans being exposed in the same way, as conducted by 
Dunipace et al. (1995).

A further stepwise approach is needed to relate animal exposure 
to the fluoride exposure situation in humans in Europe:

a.	 As it is known that exposure of humans to 2-ppm fluoride 
containing drinking water correlates to 10-ppm fluoride 
exposure in rats, this concentration is used as a starting 
point. The daily fluoride intake is calculated for children 
and adults:

Considering a water intake of 1530 mL/day for adults and 
820 mL for 3-year-old children as described in Section 3.1.4, the 
consumption of drinking water with 2 ppm fluoride results in 
a fluoride intake of 3.06 mg fluoride for adults and 1.64 mg for 
children.

b.	 For the calculated daily fluoride intake after exposure to 
drinking water with 2 ppm fluoride, the daily urinary flu-
oride excretion can be calculated according to the factors 
given in Villa et al. (2010):

Applying a factor of 0.54 for adults and 0.35 for children results 
in daily urinary fluoride excretions of 1.65 mg for adults and 
0.57 mg for 3-year-olds.

c.	The daily urinary fluoride excretion from people exposed to 
drinking water with 2-ppm fluoride can be compared to the 
daily urinary fluoride excretion from individuals exposed to 
fluoride from other sources as is typical in Europe (as cal-
culated in Section 3.1.6). The ratio between both exposure 
situations is determined:

The daily fluoride intake in Europe was calculated to be 3.8 mg 
for adults and 2.05 mg for 3-year-old children. The resulting 
daily urinary fluoride excretion is 2.05 mg/day for adults and 
0.72 mg/day for 3-year-old children (Section 3.1.7).

d.	Comparing the urinary excretion derived through drinking 
water exposure with 2 ppm fluoride (b) and the European 
exposure scenario (c) (total daily intake) results in a ratio of 
1.25 (rounded value).

e.	The ratio can be applied to determine an equivalent animal 
dose, as fluoride intake correlates linearly with both uri-
nary excretion and plasma levels:

The daily fluoride excretion is 1.25 times higher in the European 
context than after human exposure to drinking water with 
2 ppm fluoride, which corresponds to rat exposure at 10 ppm flu-
oride. Applying this ratio results in an equivalent animal drink-
ing water concentration of 12.5 ppm to model typical European 
exposure levels.

4   |   Conclusion

In this work, a realistic daily worst-case fluoride intake was esti-
mated in children and adults based on intake recommendations 
in Europe. For children, a total daily fluoride intake of 2.05 mg 
and for adults of 3.8 mg have been estimated. It was found that 
the calculated worst-case daily intake in 3-year-old children 
exceeds the current recommendations of fluoride intake by 
EFSA, and even the tolerable upper intake level solely through 
toothpaste usage is exceeded, as it is often overdosed and young 
children have limited disgorging skills. In older children up to 
6 years, the recommended daily intake is exceeded when tooth-
paste, mouthwash, drinking water, salt, and fish consumption 
are combined. For adults, food also gains more importance as 
a fluoride source. However, for adults, the calculated realistic 
daily intake through all sources combined is below the recom-
mended daily intake, so that the latter is assumed as worst-case.

Despite this, fluoride intake can exceed both the recommended 
amount and the tolerable upper intake when multiple sources—
such as black tea, drinking water with fluoride concentrations 
above 1 mg/L (used for drinking and cooking), fish, and fluoride 
tablets—are combined (BfR 2021). Therefore, a combination of 
all the mentioned sources should be avoided.

After determining the estimated total daily fluoride intake, a 
correlation was drawn to urinary concentrations in epidemio-
logical studies, considering intake in children up to 3 years as 
the worst case and intake in adults as the lowest value.

TABLE 7    |    Calculated urine fluoride concentration based on worst case fluoride intake for 3-year-old children and adults.

Age
Worst case intake 

(mg/day)
Excretion 
rate (%)a

Amount of excreted 
fluoride (mg/day)

Urine volume 
(mL/day)

Urine fluoride 
concentration 

(mg/L/day)

3 2.05 35 0.72 343–686 1.05–2.09

≥ 19 3.8 54 2.05 847–1694 1.21–2.42
aBased on the study of Villa et al. (2010).
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For children, the daily urinary fluoride excretion was calculated 
to be 0.72 mg/day and for adults 2.05 mg/day. Epidemiological 
studies reporting comparable urinary levels can be considered 
to transfer observed effects to the distinct exposure situation in 
Europe.

However, the calculated values exceed those after exposure to 
drinking water with 2 ppm fluoride by a factor of 1.25. This is 
an important finding as exposure to drinking water concen-
trations above 1.5 mg/L is associated with lower IQ in chil-
dren (NTP  2024; Health Canada  2023). However, this factor 
only applies if drinking water is the only fluoride source. In 
regions with fluoridated water, other sources might also con-
tribute to total fluoride intake. As a result, overall intake could 
still be higher in regions where lower IQ in children has been 
observed.

Considering the urine output per day for both age groups gave 
urinary fluoride concentrations of 1.05–2.09 mg/L/day for chil-
dren and 1.21–2.42 mg/L/day for adults. However, as the urine 
volume varies with water intake, exercise, environmental tem-
perature, and nutrient intake, concentrations reported per liter 
need to be carefully evaluated.

For in vivo studies, rat exposure to fluoride drinking water con-
centrations of 12.5 ppm was considered to be equivalent to the 
daily fluoride intake in Europe. However, as plasma concentra-
tions can change with age or length of exposure, an uncertainty 
factor should be considered. In this study, plasma levels were 
considered, which are comparable if rats are exposed to drink-
ing water with 5 times higher fluoride concentrations compared 
to humans. According to the NRC (2006), regarding bone fluo-
ride content after exposure, rats require at least 10-fold higher 
fluoride concentrations to achieve comparable levels. Therefore, 
an additional uncertainty factor of 2 could be proposed, result-
ing in an equivalent exposure dose of up to 25 ppm in rats.

With the calculated values, the presented approach offers scien-
tists a robust tool to select relevant scientific studies reflecting 
the fluoride exposure situation in Europe. Reassessing existing 
studies can deliver important information about possible health 
effects through chronic exposure to low fluoride levels.
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Endnotes

	1	Fluoride belt: geographical belts with high fluoride contents in 
groundwater.
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“Fluoride-Induced Disruption of Reproductive Hormones in Men.” 
Environmental Research 93, no. 1: 20–30. https://​doi.​org/​10.​1016/​S0013​
-​9351(03)​00059​-​8.

Prabhakar, P., and V. Hegde. 2021. “Estimation of Fluoride in 
Freshwater Fish and Marine Water Fish.” Journal of Multidisciplinary 
Dental Research 7, no. 1: 37–40. https://​doi.​org/​10.​38138/​​JMDR/​v7i1.​9.

Quadri, J. A., S. Sarwar, A. Sinha, et  al. 2018. “Fluoride-Associated 
Ultrastructural Changes and Apoptosis in Human Renal Tubule: A 
Pilot Study.” Human & Experimental Toxicology 37, no. 11: 1199–1206. 
https://​doi.​org/​10.​1177/​09603​27118​755257.

Rango, T., A. Vengosh, M. Jeuland, et  al. 2014. “Fluoride Exposure 
From Groundwater as Reflected by Urinary Fluoride and Children's 
Dental Fluorosis in the Main Ethiopian Rift Valley.” Science of the Total 
Environment 496: 188–197.

Rango, T., A. Vengosh, M. Jeuland, G. M. Whitford, and R. Tekle-
Haimanot. 2017. “Biomarkers of Chronic Fluoride Exposure in 
Groundwater in a Highly Exposed Population.” Science of the Total 
Environment 596: 1–11. https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​04.​021.

Rojas-Sanchez, F., S. A. Kelly, K. M. Drake, G. J. Eckert, G. K. Stookey, 
and A. J. Dunipace. 1999. “Fluoride Intake From Foods, Beverages and 
Dentifrice by Young Children in Communities With Negligibly and 
Optimally Fluoridated Water: A Pilot Study.” Community Dentistry and 
Oral Epidemiology 27, no. 4: 288–297. https://​doi.​org/​10.​1111/j.​1600-​
0528.​1999.​tb020​23.​x.

Rugg-Gunn, A. J., A. E. Villa, and M. R. A. Buzalaf. 2011. “Contemporary 
Biological Markers of Exposure to Fluoride.” Monographs in Oral 
Science 22: 37–51. https://​doi.​org/​10.​1159/​00032​5137.

 10991263, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jat.4865, W

iley O
nline L

ibrary on [23/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1177/00220345950740011201
https://doi.org/10.1177/00220345950740011201
https://doi.org/10.2903/j.efsa.2013.3332
https://doi.org/10.2903/j.efsa.2014.3761
https://doi.org/10.2903/j.efsa.2014.3761
https://doi.org/10.1111/j.1600-0722.1977.tb00525.x
https://doi.org/10.1097/00043764-198310000-00014
https://doi.org/10.1097/00043764-198310000-00014
https://doi.org/10.2772/38897
https://doi.org/10.2772/38897
https://doi.org/10.1111/j.1600-0528.2004.00164.x
https://doi.org/10.1111/j.1600-0528.2004.00164.x
https://doi.org/10.1016/j.bonr.2019.100235
https://doi.org/10.1159/000047489
https://doi.org/10.1159/000047489
https://doi.org/10.1007/s12011-010-8847-2
https://doi.org/10.1007/s12011-010-8847-2
https://doi.org/10.1016/j.ijheh.2013.08.001
https://doi.org/10.1016/j.ijheh.2013.08.001
https://doi.org/10.1034/j.1600-0528.2003.00043.x
https://doi.org/10.1034/j.1600-0528.2003.00043.x
https://doi.org/10.1111/j.1752-7325.1992.tb02277.x
https://doi.org/10.1111/j.1752-7325.1992.tb02277.x
https://doi.org/10.17226/2204
https://doi.org/10.17226/11571
https://doi.org/10.17226/11571
https://doi.org/10.22427/NTP-MGRAPH-8
https://nursing.unboundmedicine.com/nursingcentral/view/Davis-Lab-and-Diagnostic-Tests/425400/5/Creatinine_Urine_and_Creatinine_Clearance_Urine
https://nursing.unboundmedicine.com/nursingcentral/view/Davis-Lab-and-Diagnostic-Tests/425400/5/Creatinine_Urine_and_Creatinine_Clearance_Urine
https://nursing.unboundmedicine.com/nursingcentral/view/Davis-Lab-and-Diagnostic-Tests/425400/5/Creatinine_Urine_and_Creatinine_Clearance_Urine
https://doi.org/10.1111/cdoe.12254
https://doi.org/10.1111/cdoe.12254
https://doi.org/10.1016/S0013-9351(03)00059-8
https://doi.org/10.1016/S0013-9351(03)00059-8
https://doi.org/10.38138/JMDR/v7i1.9
https://doi.org/10.1177/0960327118755257
https://doi.org/10.1016/j.scitotenv.2017.04.021
https://doi.org/10.1111/j.1600-0528.1999.tb02023.x
https://doi.org/10.1111/j.1600-0528.1999.tb02023.x
https://doi.org/10.1159/000325137


10 Journal of Applied Toxicology, 2025

Shashi, A., and S. Singla. 2013. “Parathyroid Function in Osteofluorosis.” 
World Journal of Medical Sciences 8, no. 1: 67–73. https://​doi.​org/​10.​
5829/​idosi.​wjms.​2013.8.​1.​72168​.

Speirs, R. L. 1986. “The Relationship Between Fluoride Concentrations 
in Serum and in Mineralized Tissues in the Rat.” Archives of Oral Biology 
31, no. 6: 373–381. https://​doi.​org/​10.​1016/​0003-​9969(86)​90160​-​3.

Statista Research Department. Forthcoming. “Per Capita Consumption 
of Hot Beverages in Germany From 2000 to 2023, by Type (in Liters).” 
https://​www.​stati​sta.​com/​stati​stics/​​508268/​hot-​bever​ages-​per-​capit​a-​
consu​mptio​n-​by-​type-​germa​ny/#:​~:​text=​This%​20sta​tistic%​20sho​ws%​
20data%​20on,28%​20lit​ers%​20of%​20bla​ck%​20tea​.

Stoye-Herzog, M., M. Herzog, and I. Hauf. 2009. “Zahnpastadosierung 
durch Kindergartenkinder im Kreis Groß-Gerau.” Oralprophylaxe & 
Kinderzahnheilkunde 31, no. 1: 13.

Sun, L., Y. Gao, H. Liu, et al. 2013. “An Assessment of the Relationship 
Between Excess Fluoride Intake From Drinking Water and Essential 
Hypertension in Adults Residing in Fluoride Endemic Areas.” Science of 
the Total Environment 443: 864–869. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2012.​11.​021.

Thornton-Evans, G., M. L. Junger, M. Lin, L. Wei, L. Espinoza, and E. 
Beltran-Aguilar. 2019. “Use of Toothpaste and Toothbrushing Patterns 
Among Children and Adolescents—United States, 2013–2016.” 
Morbidity and Mortality Weekly Report 68, no. 4: 87–90. https://​doi.​org/​
10.​15585/​​mmwr.​mm6804a3.

Toumba, K. J., S. Twetman, C. Splieth, C. Parnell, C. van Loveren, 
and N. Α. Lygidakis. 2019. “Guidelines on the Use of Fluoride for 
Caries Prevention in Children: An Updated EAPD Policy Document.” 
European Archives of Paediatric Dentistry 20, no. 6: 507–516. https://​doi.​
org/​10.​1007/​s4036​8-​019-​00464​-​2.

van Loveren, C., C. E. Ketley, J. A. Cochran, R. M. Duckworth, and 
D. M. O'Mullane. 2004. “Fluoride Ingestion From Toothpaste: Fluoride 
Recovered From the Toothbrush, the Expectorate and the After-Brush 
Rinses.” Community Dentistry and Oral Epidemiology 32, no. Suppl 1: 
54–61. https://​doi.​org/​10.​1111/j.​1600-​0528.​2004.​00140.​x.

Villa, A., M. Anabalon, V. Zohouri, A. Maguire, A. M. Franco, and A. 
Rugg-Gunn. 2010. “Relationships Between Fluoride Intake, Urinary 
Fluoride Excretion and Fluoride Retention in Children and Adults: An 
Analysis of Available Data.” Caries Research 44, no. 1: 60–68. https://​
doi.​org/​10.​1159/​00027​9325.

Wasana, H. M. S., D. Aluthpatabendi, W. M. T. D. Kularatne, P. 
Wijekoon, R. Weerasooriya, and J. Bandara. 2016. “Drinking Water 
Quality and Chronic Kidney Disease of Unknown Etiology (CKDu): 
Synergic Effects of Fluoride, Cadmium and Hardness of Water.” 
Environmental Geochemistry and Health 38, no. 1: 157–168. https://​doi.​
org/​10.​1007/​s1065​3-​015-​9699-​7.

Wiener, R. C., R. J. Crout, and M. A. Wiener. 2009. “Toothpaste Use 
by Children, Oral Hygiene, and Nutritional Education: An Assessment 
of Parental Performance.” Journal of Dental Hygiene 83, no. 3: 141–145.

Wu, S., W. Yan, S. Wei, et  al. 2019. “Aberrant Methylation-Induced 
Dysfunction of p16 Is Associated With Osteoblast Activation Caused by 
Fluoride.” Environmental Toxicology 34, no. 1: 37–47.

Yasmin, S., S. Ranjan, and D. D'Souza. 2014. “Haematological Changes 
in Fluorotic Adults and Children in Fluoride Endemic Regions of Gaya 
District, Bihar, India.” Environmental Geochemistry and Health 36, no. 
3: 421–425. https://​doi.​org/​10.​1007/​s1065​3-​013-​9570-​7.

Zhao, M., G. Zhou, J. Zhu, et  al. 2015. “Fluoride Exposure, 
Follicle Stimulating Hormone Receptor Gene Polymorphism and 
Hypothalamus-Pituitary-Ovarian Axis Hormones in Chinese Women.” 
Biomedical and Environmental Sciences 28, no. 9: 696–700. https://​doi.​
org/​10.​3967/​bes20​15.​099.

Zhou, T., L.-J. Duan, Z. Ding, et  al. 2012. “Environmental Fluoride 
Exposure and Reproductive Hormones in Male Living in Endemic 
Fluorosis Villages in China.”

Zohoori, F. V., R. M. Duckworth, N. Omid, W. T. O'Hare, and A. Maguire. 
2012. “Fluoridated Toothpaste: Usage and Ingestion of Fluoride by 4- to 
6-yr-Old Children in England.” European Journal of Oral Sciences 120, 
no. 5: 415–421. https://​doi.​org/​10.​1111/j.​1600-​0722.​2012.​00984.​x.

 10991263, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jat.4865, W

iley O
nline L

ibrary on [23/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5829/idosi.wjms.2013.8.1.72168
https://doi.org/10.5829/idosi.wjms.2013.8.1.72168
https://doi.org/10.1016/0003-9969(86)90160-3
https://www.statista.com/statistics/508268/hot-beverages-per-capita-consumption-by-type-germany/#:~:text=This statistic shows data on,28 liters of black tea
https://www.statista.com/statistics/508268/hot-beverages-per-capita-consumption-by-type-germany/#:~:text=This statistic shows data on,28 liters of black tea
https://www.statista.com/statistics/508268/hot-beverages-per-capita-consumption-by-type-germany/#:~:text=This statistic shows data on,28 liters of black tea
https://doi.org/10.1016/j.scitotenv.2012.11.021
https://doi.org/10.1016/j.scitotenv.2012.11.021
https://doi.org/10.15585/mmwr.mm6804a3
https://doi.org/10.15585/mmwr.mm6804a3
https://doi.org/10.1007/s40368-019-00464-2
https://doi.org/10.1007/s40368-019-00464-2
https://doi.org/10.1111/j.1600-0528.2004.00140.x
https://doi.org/10.1159/000279325
https://doi.org/10.1159/000279325
https://doi.org/10.1007/s10653-015-9699-7
https://doi.org/10.1007/s10653-015-9699-7
https://doi.org/10.1007/s10653-013-9570-7
https://doi.org/10.3967/bes2015.099
https://doi.org/10.3967/bes2015.099
https://doi.org/10.1111/j.1600-0722.2012.00984.x

	Estimation of Total Daily Fluoride Intake in Europe and Correlation to Equivalent Doses in Epidemiological Studies
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Determination of Realistic Daily Fluoride Intake
	2.2   |   Determination of Equivalent Exposure Ranges in Epidemiological Studies
	2.3   |   Determination of Equivalent Doses in Animal Studies

	3   |   Results and Discussion
	3.1   |   Determination of Realistic Daily Fluoride Intake
	3.1.1   |   Detailed Data on Fluoride Ingestion via Toothpaste Usage
	3.1.2   |   Detailed Data on Fluoride Ingestion via Mouth Wash
	3.1.3   |   Detailed Data on Fluoride Ingestion via Salt
	3.1.4   |   Detailed Data on Fluoride Ingestion via Drinking Water
	3.1.5   |   Detailed Data on Fluoride Ingestion via Black Tea and Fish
	3.1.6   |   Total Daily Fluoride Intake and Comparison to the EFSA Recommendations

	3.2   |   Determination of Equivalent Exposure Ranges in Epidemiological Studies
	3.3   |   Determination of Equivalent Doses in Animal Studies

	4   |   Conclusion
	Conflicts of Interest
	Endnotes
	References


