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ABSTRACT 

This in vitro investigation explored the protective potential of high-concentration fluoride and remineralizing 

agents (F-APC) against dental erosion in the context of competitive swimming. Forty-eight extracted teeth 

were collected, stored in saline, and assigned to three experimental conditions. In the control group (G1), teeth 

were half-submerged in chlorinated pool water. In the fluoride group (G2), teeth were fully immersed in 

chlorinated water, with one half of each tooth surface treated once weekly with a concentrated fluoride 

preparation. In the remineralization group (G3), teeth were also fully immersed, and half of each surface 

received a F-APC application after each exposure. Immersions lasted 4 hours per day over a 4-week period. 

In G1, erosion was significantly more pronounced on submerged surfaces compared to non-submerged ones at 

week 3 (p = 0.019) and week 4 (p = 0.0007), affecting four and eight surfaces, respectively. In G2, untreated 

portions displayed higher wear at week 4 (p = 0.039), with three surfaces affected by erosive tooth wear (ETW). 

Similarly, in G3, untreated areas showed greater ETW at week 4 (p = 0.019), with four surfaces affected. These 

results suggest that chlorinated pool water can contribute to dental erosion, particularly when pH levels 

approach critical thresholds. Application of high-concentration fluoride once weekly for 5 minutes or routine 

F-APC treatment effectively mitigates erosion and preserves tooth integrity. 
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Introduction 
 

Erosive tooth wear (ETW) is characterized as the 

progressive and irreversible loss of dental hard tissue 

due to exposure to acids of non-bacterial origin [1, 2]. 

Epidemiological studies indicate that approximately 

30% of Europeans aged 18–35 exhibit at least one tooth 

affected by ETW [3]. This condition can affect both 

primary and permanent dentition, involving enamel 

alone or both enamel and dentin, and may present as 

localized or generalized lesions. The palatal surfaces of 

maxillary anterior teeth and the occlusal surfaces of 

mandibular first molars are most commonly impacted. 

Early-stage ETW is often asymptomatic and difficult 

to detect visually or tactilely, as it does not initially 

cause discoloration or softening. Morphological 

changes become evident at more advanced stages, with 

tooth surfaces appearing opaque, flattened, and slightly 

polished; posterior teeth may develop cusp concavities, 

while anterior teeth often exhibit wider depressions on 

smooth surfaces. The cervical third near the gingival 

margin typically remains unaffected, and in severe 

cases, pulp exposure can occur, particularly in incisors 

[4]. Patients may experience hypersensitivity, pain, and 

functional or aesthetic concerns. 

Over a lifetime, teeth are continuously exposed to 

chemical and mechanical challenges that contribute to 

ETW. When acids lower salivary pH below the critical 

threshold of 5.5, enamel demineralization occurs due 

to calcium and phosphate loss, weakening the tissue 

and increasing susceptibility to mechanical stress [5]. 

Acidic challenges can originate intrinsically or 

extrinsically [6]. Intrinsic sources include 

gastroesophageal reflux, eating disorders such as 
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anorexia or bulimia, and pregnancy [7–9]. Extrinsic 

sources are primarily dietary acids, including fruit 

juices, soft drinks, energy drinks, wine, certain 

medications, and occupational exposure [10]. 

Competitive swimmers are particularly at risk of ETW 

due to prolonged exposure to chlorinated pool water [2, 

11]. While chlorination is essential for pathogen 

control, dissolved chlorine can alter water pH, 

potentially lowering it to decalcifying levels if not 

properly buffered [1, 2, 12]. Chlorine gas in pools 

reacts with water to form hypochlorous acid (HOCl), 

the primary germicidal agent, and hydrochloric acid 

(HCl) as a byproduct [1]. The World Health 

Organization recommends maintaining pool water pH 

between 7.2 and 7.8, but these levels are not always 

achieved. Enamel dissolution is influenced both by 

solution pH and the mineral content of enamel 

(calcium, phosphate, fluoride), with critical pH 

thresholds reported to begin around 6.5 [13]. 

Swimmers commonly experience dental staining from 

pool disinfectants and enamel erosion due to acidic 

exposure (pH 2.8–4.5), which dissolves hydroxyapatite 

crystals and releases calcium ions [2]. High 

consumption of acidic beverages by athletes may 

further exacerbate the risk of ETW [14]. 

This study aims to evaluate the protective efficacy of 

high-concentration fluoride products and 

remineralizing agents (F-APC) against erosive dental 

lesions in competitive swimmers using an in vitro 

model. 

Materials and Methods  

Sample collection 

A total of 85 human permanent teeth were initially 

collected from individuals aged 18–30 undergoing 

extractions for orthodontic purposes at the Section of 

Stomatology, DISCO Department, Polytechnic 

University of Marche, Ancona, Italy. All procedures 

adhered to the 1964 Declaration of Helsinki and local 

ethical guidelines, with informed consent obtained for 

the use of extracted teeth in research. 

Teeth included maxillary and mandibular central 

incisors, canines, premolars, and molars. Teeth with 

caries, fractures, restorations, or other pathological 

conditions were excluded. After screening, 48 teeth 

were selected and randomly divided into three groups 

of 16 teeth each. 

Prior to the experiment, teeth were carefully cleaned to 

remove tartar and soft tissue using scalers, low-

intensity ultrasonic tools, and a micromotor with 

yellow gum to minimize surface damage. The cleaned 

teeth were stored in physiological saline. Baseline 

assessment was performed by drying the teeth with an 

air-water syringe, and surfaces were classified 

according to the Basic Erosive Wear Examination 

(BEWE) index (Table 1) [15]. 

Table 1. Basic Erosive Wear Examination (BEWE) 

[16]. 

Score Description 

0 No erosive tooth wear (no surface loss) 

1 Initial loss of enamel surface texture 

2a 
Distinct defect, hard tissue loss (dentine) 

<50% of the surface area 

3a Hard tissue loss >50% of the surface area 

a in scores 2 and 3, dentine often is involved. 

Exposure to chlorinated water 

Following the initial baseline assessment (T0), the 48 

teeth were allocated into three experimental groups and 

subjected to daily immersion in chlorinated water to 

simulate the typical exposure experienced by 

competitive swimmers. Over a period of 31 days, teeth 

were immersed for 4 hours per day, five days per week, 

resulting in a cumulative immersion time of 95 hours. 

The chlorinated water, sourced from a swimming pool 

in Vicenza, Italy, was replaced every two days to 

maintain consistent chemical parameters. The pH was 

monitored daily using litmus paper, generally 

maintained at 6.0, with four days reaching a lower pH 

of 5.0. 

The experimental groups were structured as follows: 

Control group (G1): Each tooth was positioned on a 

custom-made Splintline resin base to maintain uniform 

placement within the container. Teeth were half-

submerged to allow comparison between exposed and 

non-exposed surfaces. Following the 4-hour 

immersion, teeth were rinsed and stored in a 

physiological saline solution supplemented with 

bicarbonate to simulate oral conditions. The pH of this 

solution was maintained at 7.0 and checked daily. 

Remineralizing product group (G2): Teeth were fully 

immersed in chlorinated water for 4 hours. After 

rinsing, one half of the enamel surface was treated with 

Curasept Bioenamel Shock Action Mousse Caries 

Abrasion and Erosion (Curasept S.p.A., Saronno, VA, 

Italy), containing 1,450 ppm fluoride and Amorphous 

Calcium Phosphate (ACP). The mousse was applied 

according to the manufacturer’s protocol: 2 minutes 

daily and 4 minutes once weekly. Treated teeth were 

then stored in a saline-bicarbonate solution at pH 7.0 to 

replicate the oral environment. 

High-concentration fluoride group (G3): Teeth were 

fully immersed for 4 hours in chlorinated water. After 

rinsing, one half of each tooth surface was treated with 

Elmex® Dental Gel (Colgate-Palmolive Company, 
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New York, NY, USA), containing 12,500 ppm 

fluoride, for 5 minutes. Teeth were then rinsed to 

remove residual gel and stored in saline-bicarbonate 

solution at pH 7.0. 

Statistical analysis 

All data analyses were conducted using SPSS Statistics 

version 29.0.2.0. Descriptive statistics and frequency 

distributions were computed for the ETW indices. 

Comparisons between treated and untreated surfaces 

were performed using the Wilcoxon signed-rank test. 

Results and Discussion 

The BEWE scores for tooth surfaces at each time 

point—T1 (week 1), T2 (week 2), T3 (week 3), and T4 

(week 4)—are summarized in Tables 2–5. 

Table 2. BEWE classifications of teeth surfaces 

included in the study at T1 (1 week) divided by 

treatment groups. 

G1 
Immersed 

Surfaces 
G2 

Treated 

Surfaces 
G3 

Treated 

Surfaces 

1 0 0 1 0 0 1 0 0 

2 0 0 2 0 0 2 0 0 

3 0 0 3 0 0 3 0 0 

4 0 0 4 0 0 4 0 0 

5 0 0 5 0 0 5 0 0 

6 0 0 6 0 0 6 0 0 

7 0 0 7 0 0 7 0 0 

8 0 0 8 0 0 8 0 0 

9 0 0 9 0 0 9 0 0 

10 0 0 10 0 0 10 0 0 

11 0 0 11 0 0 11 0 0 

12 0 0 12 0 0 12 0 0 

13 0 0 13 0 0 13 0 0 

14 0 0 14 0 0 14 0 0 

15 0 0 15 0 0 15 0 0 

16 0 0 16 0 0 16 0 0 

 

Table 3. BEWE classifications of teeth surfaces 

included in the study at T2 (2 weeks) divided by 

treatment groups. 

G1 
Immersed 

Surfaces 
G2 

Treated 

Surfaces 
G3 

Treated 

Surfaces 

1  0 1 1  0 0 1  0 1 

2  0 0 2  0 0 2  0 0 

3  0 0 3  0 0 3  0 0 

4  0 0 4  0 0 4  0 0 

5  0 0 5  1 0 5  0 0 

6  0 0 6  0 0 6  0 0 

7  0 0 7  0 0 7  0 0 

8  0 0 8  0 0 8  0 0 

9  0 0 9  0 0 9  0 0 

10  0 0 10  0 0 10  0 0 

11  0 0 11  0 0 11  0 0 

12  0 0 12  0 0 12  0 0 

13  0 0 13  0 0 13  0 0 

14  0 0 14  0 0 14  0 0 

15  0 1 15  0 0 15  0 1 

16  0 0 16  0 0 16  0 0 

Table 4. BEWE classifications of teeth surfaces 

included in the study at T3 (3 weeks) divided by 

treatment groups. 

G1 
Immersed 

Surfaces 
G2 

Treated 

Surfaces 
G3 

Treated 

Surfaces 

1  0 1 1  0 0 1  0 1 

2  0 0 2  0 0 2  0 0 

3  0 0 3  0 0 3  0 0 

4  0 0 4  0 0 4  0 0 

5  0 0 5  1 0 5  0 0 

6  0 0 6  0 0 6  0 0 

7  0 0 7  0 0 7  0 0 

8  0 0 8  0 0 8  0 0 

9  0 0 9  0 0 9  0 0 

10  0 0 10  0 0 10  0 0 

11  0 0 11  0 0 11  0 0 

12  0 0 12  0 0 12  0 0 

13  0 0 13  0 0 13  0 0 

14  0 0 14  0 0 14  0 0 

15  0 1 15  0 0 15  0 1 

16  0 0 16  0 0 16  0 0 

Table 5. BEWE classifications of teeth surfaces 

included in the study at T4 (4 weeks) divided by 

treatment groups. 

G1 
Immersed 

Surfaces 
G2 

Treated 

Surfaces 
G3 

Treated 

Surfaces 

1 0 1 1 0 0 1 0 1 

2 0 1 2 0 0 2 0 1 

3 0 0 3 0 0 3 0 0 
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4 0 0 4 0 0 4 0 0 

5 0 0 5 1 0 5 0 0 

6 0 0 6 1 0 6 0 0 

7 0 1 7 0 0 7 0 1 

8 0 1 8 0 0 8 0 1 

9 0 0 9 0 0 9 0 0 

10 0 1 10 0 0 10 0 1 

11 0 1 11 0 0 11 0 1 

12 0 0 12 0 0 12 0 0 

13 0 1 13 1 0 13 0 1 

14 0 1 14 0 0 14 0 1 

15 0 0 15 0 0 15 0 0 

16 0 0 16 0 0 16 0 0 

As illustrated in Figure 1, teeth in the control group 

(G1) began to exhibit notable signs of dental erosion on 

submerged enamel surfaces starting from week 3 (T3) 

(p = 0.019), while the non-submerged portions 

remained unchanged. By week 4 (T4), the number of 

eroded surfaces in the submerged teeth had further 

increased, showing a highly significant difference (p = 

0.0007). 

In the fluoride-treated group (G2) (Figure 2), enamel 

surfaces exposed to high-concentration fluoride 

exhibited substantially lower erosion scores compared 

to G1. At T4, the fluoride-treated areas remained free 

of erosion, whereas the untreated portions developed 

erosion in three teeth, yielding a statistically significant 

difference (p = 0.039). 

Similarly, the remineralization product-treated group 

(G3) (Figure 3) demonstrated protective effects. 

Surfaces treated with the F-APC remineralizing 

mousse showed no evidence of erosion, while 

untreated surfaces displayed enamel loss in four teeth. 

This difference was statistically significant at T4 (p = 

0.019). 

 
Figure 1. Average BEWE score over time, G1 

(control group): comparison of immersed and non-

immersed surfaces. 

 

 
Figure 2. Average BEWE score over time, G2 

(fluoride-treated group): comparison of treated and 

non-treated teeth. 

 

 
Figure 3. Average BEWE score over time, G3 

(remineralization product-treated group): 

comparison of treated and non-treated teeth. 
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Swimming is recognized as a sport with a high risk of 

erosive tooth wear (ETW), largely due to decreased pH 

levels in chlorinated pool water [11]. This in vitro study 

investigated the impact of prolonged exposure to 

chlorinated water on enamel surfaces and assessed the 

protective effects of both high-concentration fluoride 

products and remineralizing agents (F-APC). 

The anti-demineralization properties of fluoride, the 

active component in Elmex® Dental Gel, are well 

established. Fluoride contributes to the formation of 

fluorapatite, a less soluble and more acid-resistant 

mineral than hydroxyapatite, and can also inhibit 

acidogenic activity from oral bacteria. Similarly, 

synthetic hydroxyapatite and its derivatives, such as the 

F-ACP complex in Curasept Bioenamel Shock Action 

Mousse, promote enamel remineralization by 

delivering calcium, phosphate, and fluoride ions to 

areas of mineral loss, forming a protective interface 

that restores enamel integrity [17, 18]. 

Distinct outcomes were observed among the 

experimental groups. In the control group, no enamel 

changes were detected after the first week (T1), 

suggesting that short-term exposure alone does not 

induce ETW. Minor erosive changes appeared by week 

2 (T2) in two teeth, progressing to four teeth at week 3 

(T3), and affecting eight teeth by week 4 (T4). These 

results align with previous findings indicating that both 

the duration and intensity of swimming correlate with 

ETW prevalence; swimmers training less than 2 hours 

per day had ~20% ETW, while those exceeding 4 hours 

daily exhibited up to 92% [19]. Longer durations of 

competitive swimming are also associated with 

increased enamel damage. 

In the fluoride-treated group, weekly application of 

high-concentration fluoride prevented ETW on the 

treated surfaces throughout the study period. Untreated 

surfaces displayed minor erosion at T2 (one tooth), T3 

(two teeth), and T4 (three teeth). The protective effect 

of fluoride is attributed to its ability to form a stable 

calcium fluoride layer, which deposits evenly across 

the enamel surface and provides prolonged resistance 

to acid attacks [20–22]. 

The remineralizing product-treated group showed 

similar trends. Treated enamel surfaces remained 

intact, while untreated surfaces exhibited minor 

erosion at T2 (one tooth), T3 (two teeth), and T4 (four 

teeth). This protective effect is likely due to daily 

application of the remineralizing mousse, which 

enhances the local mineral content and facilitates 

passive deposition onto adjacent, untreated enamel 

surfaces [23, 24]. 

These findings confirm that chlorinated pool water 

poses a risk for enamel erosion when the pH drops 

below critical levels. Preventive measures, including 

regular dental check-ups and the application of fluoride 

or remineralizing agents, are essential for mitigating 

ETW in competitive swimmers. Education of athletes 

and coaches on oral health maintenance is also critical, 

as adherence to preventive strategies is often 

inconsistent [25, 26]. Future research could expand this 

investigation in vivo, utilizing split-mouth designs to 

compare preventive and therapeutic effects of 

remineralizing agents across different swimming pools 

with varying chlorination levels. Such studies could 

help establish standardized protocols for the prevention 

and management of ETW in this population. 

Conclusion 

Chlorinated swimming pool water can induce tooth 

erosion when pH levels reach critical thresholds. The 

duration of exposure significantly influences enamel 

damage. Application of high-concentration fluoride 

products once weekly for 5 minutes effectively 

prevents ETW. Similarly, remineralizing agents such 

as F-APC, applied daily for 2 minutes and weekly for 

4 minutes, provide significant protection against 

enamel erosion in competitive swimmers. 
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