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Abstract
Dental fluorosis is a disease associated with prolonged intake of high concentrations of fluoride, mainly by drinking water 
consumption. In a rural region in NW Argentina, several localities are supplied for domestic use by surface waters with 
variable contents of dissolved F− (from 0.3 to 3.1 mg L−1) of geogenic origin. Dental fluorosis, from very mild to severe, has 
been registered in the population according to the spatial variability of dissolved F−. In this work, statistical models demon-
strated that the concentrations of dissolved F− that determine the occurrence of dental fluorosis (and its severity) depend on 
the concentrations of dissolved Ca2+. In children and adolescents, the probability of presenting this disease, at any degree, 
increases with age and dissolved F−; whereas moderate-to-severe degree is controlled by an inverse relationship between 
dissolved F− and Ca2+. This last result was also obtained in the group of adults, for any degree of dental fluorosis. Thus, for a 
particular concentration of dissolved F−, as dissolved Ca2+ increases, the probability of developing dental fluorosis decreases. 
The findings of this work could be useful to adjust the current regulations, since guidelines of dissolved F− in drinking water 
for different degrees of dental fluorosis are not considered, nor the relationship between F− and Ca2+.
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Introduction

Dental fluorosis is a fluoride-induced alteration that occurs 
mainly during tooth formation, resulting in a hypomin-
eralized enamel with greater porosity. The severity of 

such a clinical condition may vary from the appearance of 
very fine white lines to serious structural defects (Fejer-
skov et al. 1977; Hidalgo Gato Fuentes et al. 2007; Zou 
and Ashley 2014). It is widely recognized that the most 
important risk factor for dental fluorosis is the amount 
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of fluoride consumed from all sources during the critical 
period of tooth development (e.g., Beltrán Valladares et al. 
2005; Mehta and Shah 2013; Zou and Ashley 2014). This 
endemic disease affects particularly children and adoles-
cents in different regions around the world. According to 
the World Health Organization (WHO 2011), more than 
200 million individuals in at least 25 countries are affected 
by dental and skeletal fluorosis. The latter is a more severe 
condition of fluorosis caused by chronic ingestion of fluo-
ride, which produces high levels of accumulation in bones 
and joints (Srivastava and Flora 2020).

Drinking water represents the major source of fluoride 
intake, causing about 65% of endemic fluorosis (Yuan 
et al. 2020). Fluoride is usually present in surface water 
at low concentrations (< 1.5 mg L−1), while groundwa-
ter normally contains higher concentrations (e.g., War-
ren et al. 2005; Gómez et al. 2009; Borgnino et al. 2013; 
Gevera et al. 2019; Zhang et al. 2020; Arya et al. 2; among 
others). A significant number of studies have analyzed the 
relationship between high contents of dissolved fluoride 
and its implications for human health, and most of them 
focused on groundwater sources (e.g., Yadav et al. 2009; 
Arveti et al. 2011; Rafique et al. 2015; Irigoyen Camacho 
et al. 2016; Ramadan and Ghandourb 4; Raju 2017; Rasool 
et al. 2018; Gevera et al. 2019; Zhang et al. 2020; Arya 
et al. 2021; among others). Similar studies centered in 
surface water sources are less known (e.g., Berger et al. 
2012; García et al. 2012; Kitalika et al. 2018).

Fluoride is released into natural waters from the disso-
lution of fluoride-bearing minerals (Pradhan and Biswal 
2018). Although anthropogenic emissions from certain 
industrial processes can also contribute fluoride from the 
atmosphere to the water (Chapman 1996; García and Bor-
gnino 2015), most of the dissolved fluoride has a geo-
genic origin. Therefore, the occurrence of fluoride in natu-
ral waters mainly depends on its abundance in the local 
lithology (Edmunds and Smedley 2013). Several authors 
have explored the mechanism of fluoride release into the 
solution from solid phases (e.g., Jacks et al. 2005; Chae 
et al. 2006; Chaïrat et al. 2007; Zhu et al. 2009; Keshavarzi 
et al. 2010; Borgnino et al. 2013; García et al. 2014). On 
the other hand, a number of geochemical processes deter-
mine the dynamics of fluoride in natural waters, such as 
adsorption, precipitation, dissolution, and desorption 
(e.g., García and Borgnino 2015; and references therein). 
Moreover, it has been pointed out that in natural waters, 
dissolved F− largely depends on the solubility equilibrium 
of Ca-bearing minerals. For instance, calcite precipitation, 
along with other geochemical processes that scavenge 
Ca2+ from the solutions (e.g., ion exchange), enhances the 
dissolution of fluorite (e.g., Chae et al. 2006) and fluorapa-
tite (e.g., Borgnino et al. 2013; Kechiched et al. 2020).

In Argentina, high concentrations of fluoride have been 
reported in groundwater of the Pampean plain, with values 
that can reach 12.00 mg L−1 (e.g., Kruse and Ainchil 2003; 
Warren et al. 2005; Gómez et al. 2009; Borgnino et al. 2013; 
Zabala et al. 2016; Rondano Gomez et al. 2020). Neverthe-
less, there are few references that address the problem of 
fluoride in surface waters and its relationship with dental 
fluorosis in Argentina (e.g., García et al. 2012). In the Sierra 
de Velasco (Sierras Pampeanas, Argentina), several moun-
tain rivers are the main freshwater source for rural commu-
nities housed in small towns. To the North of this region, 
many cases of severe dental fluorosis have been reported, 
whereas toward the South, this condition tends to decrease 
significantly (National Observatory of Land Degradation 
and Desertification 2022: http://​www.​deser​tific​acion.​gob.​
ar/). This suggests that dissolved F− concentrations in the 
northern sector are higher than the maximum allowed for 
drinking water in the national (1.3 mg L−1; CAA 2012) and 
international (1.5 mg L−1; WHO 2011) regulations.

Most of the previous studies in the literature propose that 
dental fluorosis is caused by an excessive intake of fluoride; 
however, little is known about the joint effect of calcium and 
fluoride on the development of fluorosis; only a few studies 
have observed an inverse relationship between these param-
eters in sheeps (Simon et al. 2014) and mice (Yu et al. 2019). 
The aim of this paper is to formulate a statistical model that 
allows to explain the association between dissolved fluoride 
and calcium and its implications in the development and 
severity of dental fluorosis. For this purpose, the hydro-
chemical composition of surface waters was characterized, 
and the first systematical registry of dental fluorosis in the 
region was carried out. The obtained results provide novel 
information, with statistical support, about the relationship 
among dental fluorosis and the inverse co-variation between 
dissolved Ca2+ and F− in drinking water, which has been 
little explored in the previous literature. In addition, these 
results may be useful to review national and international 
legislation, regarding the water quality required to prevent 
dental fluorosis.

Study area

The area where the study was carried out is situated in the 
northwest of the Sierra de Velasco, a mountain range located 
in La Rioja Province, Argentina (28° 40′–29° 00′ S and 66° 
50′–67° 10′ W, Fig. 1). Along the eastern slope of the west-
ern ridge of the Sierra de Velasco, eight small towns are 
located; from North to South, they are: Santa Vera Cruz, 
Anjullón, Los Molinos, Anillaco, Aminga, Chuquis, Pin-
chas, and Agua Blanca; all of them are part of the Castro 
Barros department (Fig. 1).

http://www.desertificacion.gob.ar/
http://www.desertificacion.gob.ar/
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Geologically, the region is characterized by region-
ally widespread granitoids named Orthogneiss Antinaco 
(OA), assigned to the Ordovician (Grosse et al. 2011) and 
affected by ductile deformation (Larrovere et al. 1). This 
unit is the dominant lithology in the southern sector of 
the study area (Fig. 1). The OA was intruded by an igne-
ous peraluminous geological unit named La Costa Pluton 
(LCP) of carboniferous age (Alasino et al. 2, 2010), which 
mainly crops out in the northern sector of the study area 
(Fig. 1). The LCP is composed of equigranular monzo-
granites and granodiorites (Alasino et al. 2006, 2010). 
Although the mineralogical composition of the two main 

lithological units in the area (i.e., OA and LCP) is quite 
similar, high-fluoride contents were recognized in biotite, 
muscovite, tourmaline, and fluorapatite of LCP (Alasino 
et al. 2006, 2010; Toselli et al. 2011).

Several rivers drain the eastern slope of the Sierra de 
Velasco. They are typical mountain rivers characterized by 
high slopes, short trajectories, and torrential hydrological 
regimes, and they usually infiltrate a few kilometers down-
stream of the piedmont of the Sierra de Velasco. These riv-
ers usually take the names of the towns they cross (Fig. 1). 
From Santa Vera Cruz to Anillaco, they flow through the 
LCP, whereas from Aminga to Agua Blanca, the rivers 

Fig. 1   Geological map of 
the study area showing the 
sampling sites (S). The northern 
sector includes: S1 (Santa Vera 
Cruz), S2 (Anjullón), S3 (Los 
Molinos), and S4 (Anillaco). 
The southern sector includes: 
S5 (Aminga), S6 (Chuquis), 
S7 (Pinchas), and S8 (Agua 
Blanca). Fluoride concentra-
tions in rivers (in mg L−1) at the 
different sites are represented 
by circles
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drain the OA. All of them constitute the main freshwater 
source for the homonymous towns, which are provided by 
public supply.

The climate in this region is warm and semi-arid. Irreg-
ular rainfall concentrated in one season (i.e., austral sum-
mer), and occasional snowfall in austral winter at the highest 
elevations are typical features. Precipitations rarely exceed 
400 mm per year, and the mean annual rainfall is 270 mm. 
Summers are long, hot, and slightly humid; whereas winters 
are short, cold and dry. With large thermal amplitudes, both 
annual and daytime, the temperature generally varies from 
5 to 35 °C, and occasionally falls below 0 °C during winter 
or rises above 39 °C during summer; the mean annual tem-
perature is 16 °C (http://​www.​deser​tific​acion.​gob.​ar/).

The population in the region is rural and it is charac-
terized by a low socioeconomic level. According to the 
last National Population, Household and Housing Census 
(INDEC Argentina, 2010), only 38.9% of the houses have 
a satisfactory constructive quality. Moreover, the potential 
dependence index, defined as the quotient between popu-
lation potentially inactive (0–14 years old and more than 
65  years old) and the population “theoretically” active 
(15–64 years old), is 58.04% (INDEC Argentina, 2010). 
Concerning health, there is a District Hospital in Anillaco, 
a Sectional Hospital in Pinchas and Primary Health Care 
Center in the other towns. Respiratory and gastrointestinal 
diseases, and being overweight are the most common health 
problems registered in children, whereas diabetes and hyper-
tension are the most common diseases in adults. Regional 
diseases include dental fluorosis and thyroid-related prob-
lems due to lack of iodine in the diet (http://​www.​deser​tific​
acion.​gob.​ar/).

Materials and methods

Sampling and analytical determinations

A total of 27 samples were taken from rivers that provide 
water for public supply to 8 towns in the study area (eight 

sampling sites, Fig. 1). The sampling campaigns were car-
ried out during 2018 and 2019, at the end of the wet and dry 
seasons (April and October, respectively). Routine physico-
chemical parameters were measured in situ. Temperature 
and pH were measured using a portable Hach digital pH 
meter, and electrical conductivity (EC) and total dissolved 
solids (TDS) were registered by means of a portable con-
ductivity meter model 44,600 (Hach Co.). Alkalinity was 
also determined in the field by titration with H2SO4 using 
a Hach Co. kit. All samples were filtered through 0.22 μm 
cellulose acetate membrane (Millipore Corp.). Aliquots of 
15 ml, taken for cations determinations, were acidified to 
pH < 2 with ultrapure HNO3, whereas 50 ml aliquots without 
acidifying were drawn for anions determinations. Samples 
were stored in pre-cleaned polyethylene bottles and pre-
served at 4 °C.

Major anions (Cl− and SO4
2−) and F− were determined by 

chemically suppressed ion chromatography with conductiv-
ity detection at CIQA Laboratory, Universidad Tecnológica 
Nacional, Córdoba, Argentina, following the APHA 4110 
Method B (Rice et al. 2012). Cations were measured by 
Inductively Coupled Plasma Mass Spectrometry (ICP-
MS, Perkin Elmer Sciex ELAN 900) at ActLabs Labora-
tories, Canada (https://​actla​bs.​com), were a blank and IV-
STOCK-1643 were run for material control and validation.

PHREEQCI.v.3 (Parkhurst and Appelo 2013) was used 
to calculate ions balance (the accepted error was ≤ 10%), 
and mineral saturation indices (SI) using the Phreeqci.dat 
database.

Dental data collection

The dental data collection was carried out during the months 
of April–October 2019, in the Primary Health Care Centers 
and in primary schools of the Castro Barros department. A 
total of 338 patients of different ages, from 3 to 84 years, 
were examined covering the 8 towns (Table 1). The analyzed 
patients represent almost 10% of the total population of the 

Table 1   Population of Castro 
Barros department according 
to the National Population, 
Household and Housing Census 
(National Institute of Statistics 
and Censuses of the Argentine 
Republic - National Census of 
Population, Households and 
Housing 2010)

Sector Site Towns N° of inhabitants (%) N° of patients (%)

North S1 Santa Vera Cruz 123 (3.22) 16 (4.73)
S2 Anjullón 418 (10.95) 27 (7.99)
S3 Los Molinos 244 (6.39) 6 (1.78)
S4 Anillaco 1573 (41.21) 164 (48.52)

South S5 Aminga 833 (21.82) 92 (27.22)
S6 Chuquis 236 (6.18) 14 (4.14)
S7 Pinchas 390 (10.22) 14 (4.14)
S8 Agua Blanca Dispersed rural population 5 (1.48)

Total 3817 (100) 338 (100)

http://www.desertificacion.gob.ar/
http://www.desertificacion.gob.ar/
http://www.desertificacion.gob.ar/
https://actlabs.com
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department, according to the National Population, House-
hold and Housing Census (INDEC Argentina, 2010).

Dental exams were made by five dentists, who generated 
the first local registry of dental fluorosis in the region. The 
dental check-up consisted mainly of recording the presence 
or absence of dental fluorosis. The type of dentition (i.e., 
temporary, mixed, permanent), the age of the patient and 
its provenance (town), were also registered. When dental 
fluorosis was detected, its score was evaluated using the 
Dean’s index (Dean 1934; Tamuch and Ruiz 2018), which 
establishes six degrees:

1.	 Normal: smooth, bright, pale creamy-white translucent 
surface. No white discoloration of teeth.

2.	 Questionable: a few white flecks or white spots mainly 
on the edge of the incisors and cusps.

3.	 Very mild: small opaque white areas covering less than 
25% of the tooth surface.

4.	 Mild: opaque white areas covering less than 50% of the 
tooth surface.

5.	 Moderate: all tooth surfaces are affected; a marked dete-
rioration of occlusal surfaces; brown stains may be pre-
sent.

6.	 Severe: all tooth surfaces are affected; discrete or conflu-
ent holes; brown stains present.

Statistical analysis

Data collection of dental fluorosis, type of dentition, age of 
the patients, town of residence, along with dissolved F− and 
Ca2+ concentrations, and water pH were used to generate the 
database employed for statistical modeling.

Three different statistical analyses were performed. In a 
first analysis, the association between the degree of den-
tal fluorosis and the provenance (i.e., town of residence) 
was assessed by means of the Fisher's test. In the second 
analysis, with the aim to analyze the difference between the 
median of the ages in each town, the Kruskal–Wallis test 
was performed. The third analysis consisted of probit regres-
sion models, which were achieved to verify the influence of 
independent variables (i.e., age of the patients, dissolved 
F− concentration, dissolved Ca2+ concentration, pH, and 
type of dentition), in the variable responses to the presence 
and severity of dental fluorosis. For this last analysis, the 
probit model was selected from those suitable for binary 
responses (i.e., logit and probit) using the Wald test to ana-
lyze the significance of the models coefficients, as well as 
the corresponding diagnostic analyses.

To adjust the different models, the sample of patients was 
divided into two groups: the first one is formed by children 
and adolescents aged less than or equal to 14 years, with 
213 (63%) individuals, and the second one is composed of 
125 (37%) individuals older than 14 years old. These two 

groups were defined considering patients with temporary 
and/or mixed dentition (first group) and individuals with 
permanent dentition (second group). In both groups, two 
probit regression models were formulated (e.g., Demidenko 
2013), resulting in 4 models. A first approach was performed 
with the presence or absence of fluorosis as the dependent 
variable (Models 1 and 3). The second one was modeled 
with moderate or severe dental fluorosis as the dependent 
variable (Models 2 and 4). In the 4 models, the independent 
variables considered were dissolved F− concentrations, dis-
solved Ca2+ concentrations, water pHs, and the age of the 
patients. Only for the first group of patients (i.e., individuals 
of 14 years old or less, Models 1 and 2), the type of denti-
tion was also included as an independent variable. To avoid 
scale problems, all quantitative independent variables were 
standardized. As a random effect, the provenance (town) was 
considered in the models 1 and 2, which allows including the 
correlation or variability existing by the individuals sharing 
the same environment. To adjust the models, the software 
glmer function R 4.0.4 was used (R Core Team 2021).

Results

Water chemistry

Table 2 shows the concentration of major dissolved ions 
and selected physico-chemical parameters measured at the 
eight sampling sites, listed from North to South (Fig. 1). 
All rivers exhibit similar major hydrochemical character-
istics, and waters are slightly alkaline (pHs range between 
7.50 and 8.16) and diluted (TDS values between 45.90 and 
100.80 mg L−1). Major cations show an order of abundance 
characterized by Ca2+ > Na+ > Mg2+ > K+, whereas the ani-
onic sequence is represented by HCO3

− > SO4
2− > Cl− in all 

analyzed waters (Table 2); consequently, they can be classi-
fied as bicarbonate-calcium type according to Piper (1944). 
No seasonal variations were registered in the major water 
composition. The incongruent dissolution of the primary 
silicates contained in the rocks of the LCP and the OA units 
is responsible for such chemical composition, since there is 
no evidence of spatial variability in the major hydrochemis-
try. Table 2 also includes the saturation indices of selected 
mineral phases. It is clear from SI values that all waters are 
undersaturated with respect to plagioclases, calcite, and CO2 
(g), whereas they are subsaturated with respect to illite and 
kaolinite. This reinforce the hypothesis mention above.

Figure  2a shows the molar correlation between 
HCO3

− and the major cations, where waters from North 
and South of the study area have been identified separately. 
The theoretical dissolution lines of several primary minerals 
are also included in the figure, according to the number of 
moles that each one releases into solution by incongruent 
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dissolution, assuming that kaolinite is the new stable 
phase. For instance, albite releases into solution, 1 mol of 
HCO3

− and 1 mol de Na+, whereas biotite releases 5 mol of 
HCO3

−, 2 mol of Mg2+, and 1 mol of K+ (e.g., Faure 1998). 
Linear trend between HCO3

− and major cations (r2 = 0.883, 
p < 0.05) is the same for all rivers (i.e., northern and south-
ern rivers), indicating a common control in its dissolved 
concentrations (Fig. 2a).

Mean dissolved F− concentration of the rivers from Santa 
Vera Cruz to Agua Blanca are also compiled in Table 2. 
Accordingly, Fig. 1 also shows this information, represented 
by circles proportional to the mean fluoride concentration 
measured at each site. Fluoride contents range from 0.27 
to 3.10 mg L−1. As in the case of the major ions, dissolved 
F− do not register seasonal variations in its concentrations; 
however, it shows a clear spatial variability. Rivers draining 
the northern sector of the study area exhibit the highest val-
ues (i.e., sites S1–S4), whereas toward the South, dissolved 
F− clearly decrease (i.e., sites S5–S8). In the northern sector, 
dissolved fluoride ranges between 1.72 and 3.10 mg L−1, 

always exceeding the guideline established by the World 
Health Organization (WHO 2011) and by the Argentinian 
national regulation (i.e., Código Alimentario Argentino, 
CAA, 2012) for F− in water for human consumption. Con-
versely, in the southern sector (sites S5–S8), F− concentra-
tions range between 0.27 and 1.05 mg L−1 (Table 2).

As mentioned above, the presence of biotite and mus-
covite with high-fluoride contents in the monzogranite of 
LCP has been reported (Alasino et al. 2, 2010; Toselli et al. 
2). These authors have also found high-fluoride content in 
accessory minerals such as fluorapatite and tourmaline. 
Considering that biotite and fluorapatite could be the main 
sources of dissolved fluoride, as occurs in other granitic 
regions (e.g., Reddy et al. 2010; García et al. 2012), the 
relationship between dissolved cations coming from these 
minerals and dissolved fluoride has been tested in the study 
area. Figure 2b shows the obtained results, where the lines 
of the theoretical dissolution of biotite and fluorapatite are 
also included. To define these lines, the molar proportions 
of these weathering reactions were considered. For this 
purpose, it was assumed that Ca2+ comes from the dissolu-
tion of fluorapatite, whereas the biotite releases Fe2+, Mg2+ 
and K+. It is clear in Fig. 2b that the waters draining the 
southern portion of the study area are represented below the 
biotite dissolution line, while the waters flowing from the 
North show the contribution of both fluorapatite and biotite. 
Although a part of the dissolved cations comes from the 
weathering of other silicates (i.e., plagioclase, K+ feldspar), 
the dispersion diagram of Fig. 2b reinforces the assumption 
that biotite and fluorapatite are the main sources of dissolved 
fluoride from Anillaco to the North.

Statistical analysis and modeling

Dental data collected in the different towns are summarized 
in Table 3, which includes the number of patients with den-
tal fluorosis in each town, the median of the ages of the 
patients, and the degree of dental fluorosis (if present). It is 
possible to observe that the median of the ages in each town 
is different (Kruskal–Wallis chi-squared = 15.95, df = 7, p 
value = 0.0256) with high IQR (i.e., interquartile range), 
indicating a dispersion of age values. The highest median 
of the age values was recorded in the localities of Santa Vera 
Cruz and Agua Blanca. A statistically significant difference 
between the severity of fluorosis and the town of residence 
was determined using the Fisher’s exact test for count data, 
with simulated p value = 0.0005. Table 3 clearly shows that 
in the southern sector of the study area, there are no cases 
of severe fluorosis, whereas to the North, most sites present 
more than 45% of moderate-to-severe dental fluorosis. For 
instance, In Anillaco (S4), about 32.3% of the cases corre-
spond to mild dental fluorosis, 31.1% are cases of moderate 
dental fluorosis, and 15.2% of the patients present severe 

Fig. 2   a Bivariate plot showing the relation between HCO3
− and 

major cations measured in the analyzed waters. The lines repre-
sent the stoichiometric dissolutions of primary minerals: for albite, 
HCO3

−: Na+ = 1; for oligoclase HCO3
−: Na+ + Ca2+ = 0.833; for 

K-feldspar HCO3
−: K+  = 1; for biotite HCO3

−: K+ + Mg2+ = 0.6. 
Dashed line is the linear trend for all samples; the gray area repre-
sents the confidence band at 95%. b Molar relationship between 
Mg2+ + Fe2+ + K+ + Ca2+ vs. F− in the studied waters. The theoretic 
dissolution lines of fluorapatite and biotite are also plotted. See text 
for explanation
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degrees. Figure 3 illustrates some examples of the different 
degrees of dental fluorosis in children residing in this site 
(S4).

The results of the probit regression models are presented 
in Table 4. These models predict the probability that an indi-
vidual presents dental fluorosis according to the considered 
independent variables. Model 1 was run with data of the 
group of children and adolescents with ages less than or 
equal to 14 years. Within this group, 136 patients (63.8%) 
evidence dental fluorosis, with moderate or severe degree in 
65 cases (30.5%). In Model 1 (Table 4), where the depend-
ent variable was the presence or absence of fluorosis, the 
independent variables dissolved Ca2+ (p value = 0.4755), pH 
(p value = 0.9203), and type of dentition (p value = 0.9611) 
were not statistically significant. This model shows an 
excellent fit with an AUC = 0.89. Moreover, it is possible to 
observe that as the dissolved F− concentration (0.70 [0.012, 
1.40]) and age (0.41 [0.19, 0.64]) increase, the probability 
of developing dental fluorosis also increases. Since the p 
value for dissolved F− concentration is 0.046 (Table 4), the 
confidence level is 95%.

Model 2 (Table 4) was performed for the same group 
of patients as Model 1 (i.e., children and adolescents), but 
in this case, the dependent variable was the presence (or 

not) of moderate or severe degree of dental fluorosis. In this 
case, the independent variables pH (p value = 0.2373), age 
(p value = 0.56779), and type of dentition (p value = 0.9224) 
were not statistically significant. Model 2 has a good adjust-
ment with an AUC = 0.77, and dissolved F− (0.65 [0.26, 
1.03]) and Ca2+ (− 0.33 [− 0.63, − 0.03]) were statisti-
cally significant. According to this model, when dissolved 
F− increases, the probability of presenting moderate or 
severe fluorosis also increases. Dissolved Ca2+ concentra-
tion exhibits an opposite behavior, since at higher values, 
the probability of developing dental fluorosis decreases 
(Fig. 4a).

Models 3 and 4 were run considering the second group, 
i.e., the group of patients over 14 years old (N = 125), 82 
of which (65.6%) have dental fluorosis, and 51 of them 
(40.8%) evidence a moderate or severe degree of fluo-
rosis (Table 3). In this group, the random effect of the 
provenance (town of residence) cannot be included due to 
numerical problems of singularities. The output of Model 
3, in which the dependent variable was the presence or 
absence of fluorosis, is also shown in Table 4. In this case, 
the results show that the independent variables pH (p 
value = 0.7437) and age (p values = 0.2467) were not sta-
tistically significant, whereas dissolved F− concentration 

Table 3   Summary of dental data collection. Degree of dental fluorosis according to Dean’s index (Dean 1934)

Site Number of 
patients

Median age (IQR) Degree of dental fluorosis N (%)

Normal Questionable Very Mild Mild Moderate Severe

S1 16 8 (2) 4 (25%) 0 3 (18.8%) 3 (18.8%) 5 (31.2%) 1 (6.2%)
S2 27 9 (8) 0 0 2 (7.4%) 1 (3.7%) 10 (37.0%) 14 (51.9%)
S3 6 14 (12.75) 0 0 0 1 (16.7%) 1 (16.7%) 4 (66.7%)
S4 164 11 (14) 27 (16.5%) 0 8 (4.9%) 53 (32.3%) 51 (31.1%) 25 (15.2%)
S5 92 12 (23.5) 74 (80.4%) 0 1 (1.1%) 14 (15.2%) 3 (3.3%) 0
S6 14 11 (23.75) 9 (64.3%) 0 1 (7.1%) 3 (21.4%) 1 (7.1%) 0
S7 14 10.5 (3) 5 (35.7%) 0 3 (21.4%) 6 (42.9%) 0 0
S8 5 8 (1) 1 (20%) 0 0 3 (60%) 1 (20%) 0

Fig. 3   Pictures showing different degrees of dental fluorosis in children residing in Anillaco (S4). a Severe dental fluorosis. b Moderate dental 
fluorosis. c Mild dental fluorosis. Classification according to Dean’s index (Dean 1934). Photographs by Elita Chumbita de Meyer
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(p-value < 0.001) and dissolved Ca2+ concentration (p 
value = 0.0181) showed statistical significance. In Model 
4 (Fig. 4b), in which the dependent variable was moderate 
or severe fluorosis (Table 4); the independent variables 
pH (p value = 0.89152) and age (p value = 0.69752), as 
in Model 3, were not statistically significant; dissolved 
F− concentration (p value < 0.001) and dissolved Ca2+ con-
centration (p value < 0.001) were statistically significant. 

Both models (3 and 4) show excellent performances with 
an AUC = 0.88 and 0.89, respectively. The results are simi-
lar to those obtained in Model 2.

It is important to note that the main objective of these 
analysis (i.e., logit and probit regression models) is to deter-
mine the probability of developing dental fluorosis consider-
ing the co-variation between dissolved F− and Ca2+, not per-
forming predictions. However, the predictive power of this 

Table 4   Results of the probit 
regression models

PCC percentage of correctly classified
a Variance = 0.7469; AUC = 0.89; PCC = 0.84 (0.03); sensitivity = 0.82 (0.03); specificity = 0.86 (0.04)
b Variance = 0.1375; AUC = 0.77; PCC = 0.65 (0.03); sensitivity = 0.86 (0.04); specificity = 0.55 (0.04)
c AUC = 0.82; PCC = 0.80 (0.04); sensitivity = 0.80 (0.04); specifity = 0.79 (0.06)
d AUC = 0.85; PCC = 0.78 (0.03); sensitivity = 0.96 (0.03); specificity = 0.65 (0.06)

Model Parameter estimates [CI 95%] OR [CI 95%] p-value

Model 1a

 Intercept 1.04 [0.17, 1.91] 5.7 [1.30, 34.8] 0.020
 Dissolved F− concentration 0.70 [0.012, 1.40] 3.2 [1.00, 11.40] 0.046
 Age 0.41 [ 0.19, 0.64] 1.9 [1.40, 2.80] < 0.001

Model 2b

 Intercept − 0.50 [− 0.93, − 0.08] 0.44 [0.21, 0.89] 0.003
 Dissolved F− concentration 0.65 [0.26, 1.03] 2.86 [1.52, 5.59] < 0.001
 Dissolved Ca2+ concentration − 0.33 [− 0.63, − 0.03] 0.59 [0.36, 0.85] 0.010

Model 3c

 Intercept 0.56 [0.28, 0.839] 2.5 [1.58, 3.98] < 0.001
 Dissolved F− concentration 0.92 [0.63, 1.208] 4.6 [2.78, 7.81] < 0.001
 Dissolved Ca2+ concentration − 0.43 [− 0.79, − 0.074] 0.5 [0.27, 0.89] 0.0127

Model 4d

 Intercept − 0.45 [− 0.77, − 0.13] 0.48 [0.28, 0.82]
 Dissolved F− concentration 1.27 [0.86, 1.68] 8.77 [4.10, 20.55] < 0.001
 Dissolved Ca2+ concentration − 0.68 [− 1.07, − 0.28] 0.33 [0.17, 0.64] < 0.001

Fig. 4   Predicted probabilities of dental fluorosis development by probit regression models. a Model 2 for severe dental fluorosis in Group 1. b 
Model 4 for severe dental fluorosis in Group 2
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analysis resulted very good, as it is indicated by the value of 
AUC, the specificity and the sensitivity. Furthermore, in all 
performed models the rule of the minimum number of 10 
events per predictor variable (EPV) was satisfied, since the 
lowest one resulted in greater than 20 (Peduzzi et al. 1996; 
Vittinghoff and McCulloch 2007). Therefore, the sample 
size was enough to consider that these statistical models 
are suitable.

Discussion

There is an agreement among specialists that the main cause 
for dental fluorosis is the amount of fluoride consumed from 
all sources during the critical period of tooth development 
(e.g., WHO 2011; DenBesten and Li 2011; Mehta and Shah 
1; Zou and Ashley 2014; Buzalaf 2). National and interna-
tional institutions regulate the guideline values for dissolved 
F− in drinking water. Particularly, in the Argentinian national 
regulation (CAA 2012), the maximum amount of fluoride is 
given as a function of the average temperature of the area, 
taking into account the daily consumption of drinking water. 
In the study area, the average annual temperature is 16 °C. 
For this temperature, the upper limit allowed for dissolved 
F− is 1.3 mg L−1. Alternatively, the WHO (2011) sets a gen-
eral value of 1.5 mg L−1 of dissolved F−. According to these 
regulations, F− concentrations above these values carry an 
elevated risk of dental fluorosis, and higher concentrations 
would lead to developing skeletal fluorosis.

In this work, the probability of developing different 
degrees of dental fluorosis has been statistically explored 
as a result not only of the concentration of dissolved F− in 
drinking water but also for the co-variation between this 
ion and dissolved Ca2+. The area selected for the analysis 
is located in the NW of Argentina, where high dissolved 
F− concentrations have been measured in surface waters 
used as domestic supply, along with a high number of cases 
of dental fluorosis registered in the population. In the north-
ern sector of the study area, dissolved F− varies between 
1.72 mg L−1 and 3.10 mg L−1, exceeding the guide values 
above mentioned. In contrast, to the South, the maximum 
registered value of dissolved F− is 1.05 mg L−1. It has been 
established that the highest concentrations of dissolved F− in 
the region are a result of a geogenic control. According to 
these values of dissolved F− in drinking waters, 85.4% of the 
population in the northern region present dental fluorosis. 
Moreover, more than 50% exhibit moderate-to-severe den-
tal fluorosis levels. In contrast, to the South, only 28.8% of 
the patients present the disease, mostly at very mild-to-mild 
levels (24.8%).

Although some authors have evaluated the importance 
of Ca2+ in dental health, they have focused mainly on the 
influence of fluoride and calcium in protecting against dental 

caries (e.g., Arvin et al. 2018). In the present research, statis-
tical modeling revealed an inverse relationship between dis-
solved Ca2+ and F− controlling the presence and the degree 
of dental fluorosis. Thus, for a particular concentration of 
dissolved F−, as dissolved Ca2+ increases the probability of 
developing dental fluorosis decreases. The statistical models 
showed that for Ca2+ concentrations less than 0.7 meq L−1, 
moderate-to-severe dental fluorosis would develop at any 
age from F− concentrations below 1.0 mg L−1. Particularly, 
in the group of adults, these concentrations of dissolved 
Ca2+and F− also predict the development of dental fluorosis 
at any degree. On the other hand, for Ca2+ concentrations 
higher than 1.0 meq L−1, moderate-to-severe dental fluo-
rosis would develop from dissolved F− above 2.2 mg L−1 
for children and adolescents. In the case of adults, for the 
same concentration of dissolved Ca2+ (i.e., > 1.0 meq L−1), 
a dissolved F− concentration of 2.5 mg L−1 is required to 
develop moderate-to-severe dental fluorosis. Hence, for a 
particular concentration of dissolved Ca2+, children and 
adolescents are more likely to develop moderate-to-severe 
dental fluorosis from lower values of dissolved fluoride than 
those required for adults. Furthermore, considering the guide 
value of dissolved F− established in the national regulation 
(1.3 mg L−1, CAA 2012), a concentration equal or higher 
than 1.1 meq L−1 of dissolved Ca2+ is required to avoid the 
dental fluorosis development at any age.

Several authors have explored the relationship between 
dissolved F− concentrations in drinking water and the pres-
ence and severity of dental fluorosis. For instance, Raju 
(2017) reported cases of mild, moderate, and severe dental 
fluorosis from values of 2, 4, and 5 mg L−1 of dissolved F−, 
respectively. Although in this work (Raju 2017), the influ-
ence of dissolved Ca2+ in the development of dental fluorosis 
was not analyzed, a negative linear correlation between dis-
solved calcium and fluoride in drinking water was reported. 
Here, statistical modeling demonstrated that severe dental 
fluorosis could appear with lower values of dissolved F− than 
those reported by Raju (2017). Therefore, dissolved Ca2+ 
concentration coupled with F− could be an important factor 
in controlling the occurrence and severity of dental fluorosis.

Another important result to consider is that cases of den-
tal fluorosis were also detected where dissolved F− concen-
trations are according to those established by national and 
international regulations as safety values. Nonetheless, it 
is not the first time that dental fluorosis is reported from 
water consumption with dissolved F− values according to 
the limits allowed by different normative. For instance, Raju 
(2017) has pointed out that dental fluorosis is common even 
in areas with lower levels of fluoride in water, questioning 
the values recommended by the WHO (2011). Similar con-
siderations were made by other authors (e.g., Ramadan and 
Ghandourb 2016; Akuno et al. 6). The fact that dental fluo-
rosis has been detected in different regions worldwide, even 
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in communities consuming water with low levels of fluoride, 
may be due to other variables that could have a significant 
relevance in the development of dental fluorosis, besides 
dissolved F− concentrations. In this work, it has been shown 
that the variability of dissolved Ca2+ exerts a control over 
minimum fluoride concentrations necessary to develop this 
disease. Since both national and international regulations 
do not establish precise limits for different degrees of dental 
fluorosis (from very mild to severe), it would be important 
that future works focus on the relationship between dental 
fluorosis and other chemical variables, in addition to the 
total intake of fluoride in the diet. Those investigations could 
also better adjust the guidelines established in the current 
regulations.

Concluding remarks

In this work, the relationship between dental fluorosis and 
drinking water in a rural region of NW of Argentina was sta-
tistically modeled. In the northern sector of the study area, 
dissolved F− exceeds 1.72 mg L−1; in contrast, to the South, 
the maximum registered value is 1.05 mg L−1. The pres-
ence and severity of dental fluorosis in the population has 
been detected in agreement with the spatial variability of F−. 
However, different statistical models have shown that dis-
solved F− distribution is not the unique variable controlling 
dental fluorosis development. For a particular concentration 
of dissolved F−, as dissolved Ca2+ increases, the probabil-
ity of developing dental fluorosis decreases. Moreover, for 
a particular concentration of dissolved Ca2+, children and 
adolescents are more likely to develop moderate-to-severe 
dental fluorosis from lower values of dissolved F− than 
those required for adults. Hence, the dissolved Ca2+ exerts 
a control over minimum fluoride concentrations necessary 
to develop dental fluorosis. Therefore, the results presented 
in this work suggest considering other variables, besides the 
total intake of fluoride, to better adjust the guidelines for 
drinking water established in current regulations.
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