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Abstract: Objectives: This study was conducted to determine the erosive potential of various commer-
cial energy drinks (EDs), sports drinks (SDs), and sugar sweetened beverages (SSBs) and to correlate
quantitative changes in tooth enamel volume loss based on the pH and titratable acidity of the drinks.
Methods: A flat plane on the facial surface of 36 human incisor teeth was created and embedded
in sample holders using resin. After pre-scanning with a profilometer (Proscan 2000, Scantron, Ind
Products Ltd., Taunton, UK), the six samples per group were immersed for 4 h into either Monster
Energy™ (ED), Rockstar™ (ED), Red Bull™ (ED), or 5-h Energy™ (ED) and, for comparison with a
sports drink, Gatorade™ (SD) and a sugar sweetened beverage, Coca-Cola® (SSB). After immersion
and post-scanning, the quantitative volume loss of the tooth enamel of the 36 samples was calculated
(Proscan 3D software V2.1.1.15B), and the pH and titratable acidity (TA) of each drink was determined.
Results: All drinks tested caused enamel volume loss. The actual amount varied among the different
drinks, from 0.39 mm3 for Red Bull™, up to 1.01 mm3 for Gatorade™. The pH measurements differed
for each drink, ranging from 2.6 to 3.7. There was a small reverse correlation of 0.326 between the pH
of all drinks and volume loss. Among the energy drinks, titratable acidity was similar and there was
only a weak correlation between TA and volume loss (0.319 at p = 0.53). Conclusions: Energy drinks,
sugar sweetened beverages, and sport drinks all have the potential to cause enamel tooth surface
loss resulting in demineralization. Therefore, the pH of a drink cannot be the sole determinant for
choosing a less harmful commercial beverage.
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1. Introduction

The consumption of energy drinks (EDs) has increased significantly in recent years [1].
The first energy drink appeared in Austria in 1987 as Red Bull™ and it was introduced
in the United States in 1997 [2]. There are now more than 100 ED brands available. They
are marketed for people who want to boost their energy and alertness so as to improve
physical and cognitive performance [3].

The global ED market was valued at $57.4 billion in 2020 and predicted to reach
$114.7 billion globally by 2030 [4,5]. This is an expected annual growth rate of 7.3%. They
are currently the fastest growing segment of the beverage industry [5]. Red Bull™ leads
the energy drink market worldwide, followed by Monster Energy™ and Rockstar™ [6].
Worldwide, North Americans consume more energy drinks than any other geographic
market, with the European market close behind [7]. Americans drink, on average, 50 gallons
of sugar-sweetened beverages annually [8].

It is important to differentiate between energy drinks and traditional beverages such as
coffee, tea, sports drinks, and sugar sweetened beverages like Coca-Cola®. Energy drinks
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have a high caffeine content ranging from 50 mg to 505 mg per can or bottle [9]. They are
also combined with large amounts of vitamins, minerals, taurine, amino acids, and different
mixtures of phytochemicals [10]. Energy drinks also contain free sugars. Free sugars are the
additional sugars added to the food or drink. Free sugars can enhance flavor and texture,
but also provide a source of more energy. Hence, these drinks have the ability to cause
both dental caries and erosion [11]. Energy drinks have gained particular popularity, as
evidenced by their consumption by various demographic groups, such as youths, workers,
students, professional and amateur athletes, and nightlife revelers with and without risks
of disease [12].

As the consumption of energy drinks rises, there has also been a serious increase in
associated health problems, including seizures, cardiac arrhythmias, palpitations, cardiac
arrest, insomnia, agitation, anxiety disorders, tremors, increased speech, risky unsafe sex
practices, obesity, stroke, and sudden death [13–19]. In particular, the consumption of
energy drinks is not recommended for children and pregnant women [20]. Most medical
incidents caused by energy drinks are related to the various amounts of caffeine, taurine,
and guarana found in these drinks [21]. These herbal ingredients are not regulated by the
Food and Drug Administration [19].

A misconception among college students is that caffeine in energy drinks counteracts
the effects of heavy episodic drinking. Combining energy drinks with alcohol not only
increases the appeal of alcohol and provides a false sense of sobriety, but has also been
associated with serious injuries, increased risk of sexual assaults, drunk driving, and
death [19,22–25].

Since studies are showing that the incidences of erosion are increasing [26], it is
important to understand their causes and effects. Acid erosion is defined as the irreversible
loss of tooth structure due to demineralization and the softening of the enamel and dentin
surfaces as a result of exposure to acids [1,27]. The sources of acids can be either intrinsic
or extrinsic. Intrinsic sources are derived from stomach acids, as seen in patients who
have GERD or eating disorders that include vomiting [28]. Extrinsic sources include foods
(acidic fruits) and beverages (EDs, SSBs and SDs) [29]. Energy drinks also contain varying
amounts of citric acid, which has been related to an increase in acid erosion and erosive
tooth wear [2].

The impact of acidic drinks on teeth can be significant and results in the removal of
minerals from the calcified enamel matrix. When acidic beverages such as EDs enter the
oral cavity, they diffuse through the acquired pellicle onto the enamel surface, and the
H+ in the drinks begins to dissolve the enamel crystals and diffuse into the interprismatic
areas of enamel [14]. Erosive tooth wear occurs as the softened tooth surface is removed by
attrition (tooth-to-tooth contact) and abrasive frictional forces (tooth brushing and abrasive
dentifrices) [30]. Additionally, tooth-to-tooth wear can occur while chewing foods with
abrasive potential and from both diurnal and nocturnal bruxism [27]. The impact of this
is irreversible.

Early signs of erosion may be difficult to detect. They include loss of the tooth’s luster,
shine, perikymata, and, in advanced cases, loss of tooth morphology as seen with molars
appearing cup-shaped [27]. It is difficult to distinguish dental erosion from other forms
of wear such as attrition and abrasion. Attrition and abrasion not only further exacerbate
the appearance of enamel loss, but make it difficult to diagnose the true cause of enamel
erosion. All of these processes contribute to enamel tissue loss, enhancing the physical wear
processes [27]. With erosion, acids are the cause. Because the acid source can be extrinsic or
intrinsic acids [28], it is imperative that dental practitioners be able to diagnose the proper
cause and counsel patients accordingly.

In vitro studies have shown that the immersion of enamel and dentin in acidic drinks
result in the demineralization of both enamel and dentin [1,31–33]. Due to ethical and study
design considerations, it is difficult to do clinical studies of erosive wear [34]. However, data
obtained by laboratory studies can be used to develop clinical and preventive guidelines.
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This leads to the following question: can the erosive nature of energy drinks differ
from each other based on the pH and titratable acidity (TA) of the beverage? Therefore, the
purpose of this study was to evaluate the tooth enamel volume loss (VL) when exposed to
energy drinks. The pH and TA of each of the tested EDs was determined. A sports drink
(SD) and a sugar-sweetened beverage (SSB) were also analyzed for comparative purposes.
The teeth were exposed to the various beverages and enamel volume loss was analyzed.
The control for the enamel volume loss analysis in this study was an unaltered tooth surface.
The null hypothesis of this study was that there are no differences among all drinks tested
in this study in reference to the physical properties of volume loss, pH, and TA.

2. Materials and Methods

All teeth for this study were randomly selected from a tooth tissue collection used
for pre-clinical education at the School of Dentistry. Ethical approval was obtained by the
Internal Review Board with an exempt determination (IRB2024-5).

3. Evaluation of Volume Loss
3.1. Sample Preparation

Thirty-six extracted human maxillary central and lateral incisor teeth were used in
this study. After removing the roots perpendicular to the long axis of the teeth utilizing
the Isomet Low speed diamond saw (Buehler Ltd. Lake Bluff, IL, USA), a flat plane of
approximately 4 × 4 mm2 was prepared on the facial surface of each incisor utilizing
240, 320, and 600 µm grit Carbimet Abrasive Strips (Buehler Ltd., USA) on the Handimet
Grinder (Buehler Ltd., USA). They were then further polished with Metadi II Diamond
Polishing Compound (Buehler Ltd., USA) on a cloth disc resulting in a smoothness of
1.5 µm. Each prepared tooth sample was attached to an acrylic sample holder measuring
25 × 25 × 15 mm filled with Integrity, a bis-acrylic resin (Integrity, Dentsply Caulk, Milford,
DE, USA) (Figure 1).
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Figure 1. Sample embedded in resin block for analysis.

3.2. Scanning

The samples were then sent off to the United Kingdom for baseline measurements
using the Proscan 2000 Profilometer (Scantron Ind Products Ltd., Taunton, UK) optical
scanner. The sensor used for this study was a CHR contactless optical sensor S16/2.5 with
a measuring range of 2500 µm. The lens was a CL2 and the magnifier was an MG140. Data
collection was carried out using Proscan software V2.1.1.15B and the surface comparison
was carried out using Proform software V1.41.

After the samples were returned from pretreatment scanning, they were covered with
adhesive tape in which a 4 mm diameter circle had been punched, exposing the enamel
surface area in the center of the sample. All 36 samples were prepared in the same manner.



Oral 2024, 4 104

3.3. Drink Selection

The following 4 commercially available EDs were used for the experiment: Monster™,
Rockstar™, Red Bull™, and 5-h Energy™. Coca-Cola® was used as an example of an SSB,
and Gatorade™ as an example of an SD, for comparison to the energy drinks (Figure 2). Six
samples were tested for each beverage for a total of 36 tests. No control sample for exposure
in water or a buffered solution was included in this study because previous scientific
findings suggest that the tooth surface is not altered when the surrounding solution is in
an equilibrium of demineralization and remineralization [35].
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Figure 2. Drinks analyzed in study.

3.4. Volume Loss Test

Immediately after the drinks were opened, 100 mL of each drink solution was placed
in a 200 mL glass beaker at room temperature (22 ◦C). Six randomly selected samples of the
prepared teeth were separately immersed in the drink solution for four hours (one sample
per glass beaker).

During the four-hour cycle, they were stirred with a magnetic stirring device (Cole-
Parmer Instrument Corp., Vernon Hills, IL, USA) providing homogeneous exposure of the
ingredients to the exposed enamel surface of the sample. The samples were then removed
from the solution, rinsed with water, the tape removed, and the samples dried. All samples
were again shipped to the United Kingdom for analysis. The post-erosion scanning was
done with the same equipment and settings used for the pre-scanning. One calibrated
operator did the pre- and post-scanning, as well as the superimposing of the data and
software analysis. By comparing the baseline measurements with the post-experiment
scans, tooth surface volume loss was calculated. Data collection was carried out using
Proscan software V2.1.1.15B and the surface comparison was carried out using Proform
software V1.41. (Scantron Ind Products Ltd., Taunton, UK).

3.5. Evaluation of pH

Prior to testing the pH, 100 mL of each drink was poured into a 200 mL glass beaker
and set aside for one hour after opening as a degassing process. The pH of each drink
was measured using a calibrated Metrohm (700 GPT Titrino, Riverview, FL, USA) machine
according to manufacturer’s instructions. A measuring probe of the Metrohm was inserted
into the solution and affixed to the beaker so that the probe and the solution were stable
during measurement. The measuring probe tested the pH of the solution 3 different times
and was recorded at 5 min intervals.

3.6. Evaluation of Titratable Acidity

Titratable acidity is the volume of a buffering solution needed to change the pH of a
solution to a different value [36]. Prior to testing for TA, 100 mL of each drink was poured
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into a 200 mL glass beaker and each drink was set aside for one hour after opening as a
degassing process, to dissipate any possible influences from the carbonation.

While the solution was being stirred, drops of 1 mol NaOH buffering solution were
added to the drinks at a rate of 1 mm/min and monitored to a pH of 5.5 using Tiano
(Metrohm, Vers.3.1, Riverview, FL, USA) software until the pH of 5.5 was reached [1]. The
volume of buffering solution needed to reach the pH of 5.5, represents the TA of a solution.
Statistical analysis was performed using open-source statistical software “R” from the Free
Software Foundation’s GNU General Public License, Boston, MA, USA, 2014.

4. Results
4.1. Volume Loss Evaluation

Figure 3 indicates the enamel volume loss for all drinks tested in this study in mm3

after the artificial erosion process. The volume loss varied from a low of 0.39 mm for Red
Bull up to 1.01 mm3 for Gatorade. Data points that were more than 1.5 standard deviations
below or above the mean values were eliminated and considered outliers. This applied
only to four data points in the volume loss experiment. Figure 4 gives one visual example
of the volume loss for each of the drinks that were tested in this study.
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Figure 3. Enamel volume loss after erosive challenge.

All enamel samples tested in this in vitro study showed substantial enamel volume
loss. The highest average of volume loss was found for Gatorade™. The tooth volume loss
among the three types of drinks were similar but varied, whereas the SD and EDs had a
larger volume loss compared to the SSB (Figure 3).

Considering the sample sizes were small, and the samples failed the normality tests, a
non-parametric Kruskal–Wallis test was used instead of a one-way ANOVA. The Kruskal–
Wallis test resulted in a p-value of 0.001, implying that the six different drinks were not
the same in terms of volume loss. It is important to note that data points that were
more than 1.5 standard deviations below or above the mean values were eliminated and
considered outliers.
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Figure 4. These images give one example of the enamel volume loss for each of the drinks tested.

4.2. Evaluation of pH

The pH values among the drinks ranged from a pH 2.6 (Coca-Cola®) to a pH 3.7 (Mon-
ster™). A noticeably small standard deviation was found (Figure 5). The non-parametric
Kruskal–Wallis test for the variable pH resulted in a p-value of 0.005, meaning that the six
different drinks were not the same in terms of the variable pH level.



Oral 2024, 4 107Oral 2024, 4, FOR PEER REVIEW 7 
 

 

 
Figure 5. pH values among the drinks tested. 

4.3. Evaluation of Titratable Acidity 
Figure 6 displays the titratable acidity that represents the volume in milliliters needed 

to buffer the solution up to a pH of 5.5. A pH of 5.5 was selected as the end point for 
achieving a buffered solution because, as seen in other studies, this is the value at which 
the demineralization process of enamel begins [1]. 

 
Figure 6. Titratable acidity (buffering capacity) at pH 5.5. 

The titratable acidity ranked from Coca-Cola® being the lowest at 0.32 mL, followed 
by GatoradeTM at 1.38 mL, MonsterTM at 2.64 mL, and RockstarTM at 2.85 mL, the highest 
being Red BullTM at 2.87 mL and 5-h EnergyTM at 5.70 mL. The volume needed to buffer 
the 5-h EnergyTM drink was about 18 times higher than the volume needed for Coca-Cola®. 
This difference may be related to the differences in formulations of these drinks, wherein 
Coca-Cola® is made with phosphoric acid and the other drinks are made with citric acid. 
A Kruskal–Wallis test for the variable titratable acidity resulted in a p-value of 0.01, im-
plying that the amount of buffering solution needed to increase the pH to a value of 5.5 
was not the same for the six drinks considered. 

Among the following energy drinks, MonsterTM, Red BullTM, and RockstarTM, there 
was no statistically significant difference in regard to titratable acidity. This means that a 
similar amount of buffering solution was needed to increase the pH to a value of 5.5. 

  

0
0.5

1
1.5

2
2.5

3
3.5

4

Gatorade Coca Cola Monster Rockstar Red Bull 5-h Energy
Drink

pH Measurements

0
1
2
3
4
5
6
7

Gatorade Coca Cola Monster Rockstar Red Bull 5-h Energy
Drink

Titratable Acidity at pH 5.5 

Figure 5. pH values among the drinks tested.

4.3. Evaluation of Titratable Acidity

Figure 6 displays the titratable acidity that represents the volume in milliliters needed
to buffer the solution up to a pH of 5.5. A pH of 5.5 was selected as the end point for
achieving a buffered solution because, as seen in other studies, this is the value at which
the demineralization process of enamel begins [1].
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Figure 6. Titratable acidity (buffering capacity) at pH 5.5.

The titratable acidity ranked from Coca-Cola® being the lowest at 0.32 mL, followed
by GatoradeTM at 1.38 mL, MonsterTM at 2.64 mL, and RockstarTM at 2.85 mL, the highest
being Red BullTM at 2.87 mL and 5-h EnergyTM at 5.70 mL. The volume needed to buffer
the 5-h EnergyTM drink was about 18 times higher than the volume needed for Coca-Cola®.
This difference may be related to the differences in formulations of these drinks, wherein
Coca-Cola® is made with phosphoric acid and the other drinks are made with citric acid. A
Kruskal–Wallis test for the variable titratable acidity resulted in a p-value of 0.01, implying
that the amount of buffering solution needed to increase the pH to a value of 5.5 was not
the same for the six drinks considered.

Among the following energy drinks, MonsterTM, Red BullTM, and RockstarTM, there
was no statistically significant difference in regard to titratable acidity. This means that a
similar amount of buffering solution was needed to increase the pH to a value of 5.5.
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4.4. Correlation Analysis

The correlation coefficient of enamel volume loss versus pH was found to be 0.326 with
a p-value of 0.528. This shows a very weak reverse correlation between enamel volume loss
and pH, and therefore is not statistically significant. Similarly, the correlation coefficient
of enamel volume loss versus the TA was found to be 0.319 with a p-value of 0.537. This
indicates a very weak correlation that is also not statistically significant. A significance
level of 0.05 was used for all conclusions in this paper. Due to the different results of the
beverages tested, the null hypothesis was rejected.

5. Discussion

The purpose of this in vitro study was to evaluate the correlation between pH and
titratable acidity of the various drinks and the actual amount of enamel tooth volume
or tooth structure loss. Teeth exposed to acidic substances lose structural integrity and
physical properties, and acidic substance exposure results in loss of tissue [1]. Our study
found that tooth volume loss was not consistently dependent on the pH or the titratable
acidity of the various types of drinks, as shown in Figures 3–5. Among the three energy
drinks, RockstarTM, Monster EnergyTM, and Red BullTM, enamel volume loss varied,
while their TA was very similar. With these same energy drinks, higher pH (less acidic)
was related to less volume loss (Monster EnergyTM and Red BullTM) and lower pH was
related to increased volume loss, as was the case with RockstarTM. With the sports drink,
GatoradeTM, there was a moderately high pH, low TA, but high tooth structure loss. With
the SSB, Coca-Cola®, there was lower tooth structure loss and very low titratable acidity,
despite its low pH which makes it very acidic. These inconsistencies would indicate that
the unique formulations of each drink result in varying amounts of tooth surface loss and
that there is no dominant factor related to enamel tooth loss among this group. Previous
studies have also demonstrated that surface changes induced by energy drinks do not only
happen on tooth structures, but also affect the filling materials in the patient’s mouth [37].
All restorative materials tested in Vaidya’s study experienced an altered surface roughness.
This can result in the darkening of dental restorations, a sequela that many patients do not
consider when deciding to consume an energy drink.

Understanding the chemistry of erosion helps to understand the results of this
study [38,39]. At a given pH, increased acid concentration (titratable acidity) results
in a greater availability of H+ ions, which requires greater buffering capacity. Thus, as pH
falls and the rate of dissolution increases, greater buffering is required to maintain the H+

concentration in the newly demineralized layer [40]. In this study, the actual concentration
of acids in each beverage is not known. It should be noted, though, that the Coca-Cola®

drink contains phosphoric acid while all other drinks contain citric acid. Since phosphoric
acid is a weaker acid than citric acid, this would explain the decreased tooth surface loss
with the Coca-Cola® drink. In addition to its high buffering capacity, citric acid may have
an additional chelating effect. However, the presence of any and all acids in saliva causes
continuing demineralization and reduces beneficial benefits of supersaturation of calcium
in saliva by increasing the dissolution of tooth minerals and decreasing any potential
remineralization of tooth structure [41].

The variation in results among and between the various drinks could also be explained,
in part, by the structural variations found in the different areas of the enamel tooth samples.
For example, outer layers of enamel have a more tightly packed prism structure compared
to inner enamel. Sample preparations did not account for this variable [42]. Additionally,
future studies could determine the surface hardness of the samples, which would provide
information about the mineral content of the teeth in an effort to provide a better perspective
on the erosion process in relation to the mineralized tissue.

For this experiment, an immersion time for samples of 4 h was chosen. Test scans were
made at 30 min, 1, 2, and 4 h prior to the experiments. After reviewing results of the scans,
the 4 h scan time appeared to help magnify the differences in quantitative measurements of
the actual tooth surface loss. Other studies have used immersion times varying between
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3 min [43,44] and 14 days [31,45]. It is important to note that none of these in vitro studies,
including this study, would replicate actual in vivo conditions. The manner in which
acidic drinks can influence the actual in vivo tooth surface loss also depends on how the
drinks are consumed. Drinks that are held in the mouth and rinsed or swished are more
harmful than those that are swallowed or gulped [46]. Other studies have suggested that
the exposure time of the beverage to the tooth surface has a direct and significant impact
on enamel volume loss [43]. This could lead to the assumption that the behaviors of many
people, for example tech workers who sit at their computers sipping energy drinks over
the course of several minutes or hours, could result in more cases of severe erosive tooth
wear [47].

In this study, enamel samples were immersed and stirred at room temperature (22 ◦C)
in each of the various drinks evaluated. It has been shown in vitro that increased temper-
ature and increased flow rate will increase dissolution [48,49]. Therefore, under in vivo
conditions, warm, acidic drinks, including energy drinks, that are ‘swished’ or sipped will
cause more tooth surface loss [46]. It should also be noted that 5-h Energy™, which is
a thicker, more viscous liquid, may remain on the tooth surface for longer periods, thus
amplifying tooth surface loss.

This study was conducted with polished enamel samples placed directly in the various
acidic solutions. Under in vivo conditions, the saliva would support the formation of a
thin acquired pellicle layer on the enamel surface. This semi-permeable, protein-based
layer acts as a natural diffusion barrier, inhibiting direct contact of intrinsic or extrinsic
acids on the tooth surface [50,51]. Furthermore, under in vivo conditions, saliva also has
an important protective influence on dental erosion by diluting, clearing, neutralizing, and
buffering the acid, as well as maintaining a healthy biofilm on the tooth surface. It could
also aid in the remineralization of the tooth surface by providing calcium, phosphorus, and
fluoride [52–54]. Patients with hyposalivation and/or dry mouth are at increased risk for
erosive changes. Therefore, during routine dental visits, it would be beneficial for dentists
to give special attention to the amount and viscosity of the patient’s saliva. Patients should
be advised of the importance of consuming adequate liquids and staying well hydrated.

In this in vitro study, all enamel samples showed significant tooth surface loss after
being immersed in the various acidic drinks (Figure 6). However, there were various
differences among the six drinks regarding enamel loss, pH, and TA. The drinks evaluated
in this study each have unique and different ingredients and formulations and, therefore,
must be evaluated on an individual basis.

Since the consumption of sports or energy drinks results in serious tooth surface
loss, as found in this study, dental professionals are in a unique position to provide
counseling and patient education on the risks of consuming these acidic beverages, on the
key factors in preventing enamel loss, and the health problems associated with these drinks.
Having patients do a dietary intake assessment, can indicate the source and frequency
of acid exposure in their diet [46]. According to Lussi et al., four or more dietary acid
intakes increase the risk of erosion [55]. Other studies have shown that the frequency of
consumption of an acid beverage is an important factor in the development of erosion [56].
Patients should be advised to minimize the use of EDs and decrease acid contact time with
teeth by swallowing, not holding or swishing them in their mouth. Dental professionals
should advise the patient to rinse with water after use and avoid tooth brushing for one hour
after consumption. With an early diagnosis of dental erosion, an individualized prevention
plan can be formulated for patients, to help ward off more complicated treatment in the
future [47]. The use of a toothpaste containing stannous fluoride will help protect the teeth
from these acidic challenges [57].

Our study was done at room temperature. From other studies we have learned that
erosion proceeds more rapidly the higher the temperature of that solution [11]. Therefore,
it can be assumed that since most drinks are consumed at refrigerator temperature, erosion
should be less impactful. If the patient holds the drink longer in the mouth and the
temperature increases, there is more potential for erosive damage. Future studies could
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adjust the temperature of the solutions in which the teeth are immersed from refrigerator
temperature to normal body temperature to see how that affects the erosion process.

6. Conclusions

Energy drinks, sugar sweetened beverages, and sport drinks all have the potential to
cause enamel tooth surface loss resulting in demineralization. Therefore, the pH of a drink
cannot be the sole determinant for choosing a less harmful commercial beverage. A combi-
nation of factors including pH (the level of acid) and titratable acidity (the strength of the
acid) will affect the tooth surface loss caused by each drink. The proprietary formulations
of energy drinks, along with the inclusion of caffeine and other stimulants, place patients
at risk for dental erosion and other health issues.
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