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Effects of thickened carbonated
cola in older patients
with dysphagia
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Carbonated beverages initiate the swallowing reflex earlier than water and have a shorter pharyngeal
transit time. However, the effects of carbonation in thickened beverages of the same flavor on
swallowing dynamics have not been reported. Therefore, we investigated the effects of thickened
carbonated beverages on swallowing in patients with dysphagia by comparing the swallowing
dynamics between thickened carbonated and thickened non-carbonated beverages. We enrolled 38
patients with dysphagia and divided them into two groups. Thickened carbonated and thickened
non-carbonated beverages were used. Videoendoscopic swallowing evaluations were performed.
Aspiration, penetration, pharyngeal residue, and initiation position of the swallowing reflex were
evaluated. The reduction in the amount of residue in both the vallecula (p=0.007) and pyriform sinus
(p=0.004) was greater after ingestion of thickened carbonated cola than thickened non-carbonated
cola. The onset of the swallowing reflex was significantly earlier after ingestion of thickened
carbonated cola than thickened non-carbonated cola (p=0.007). There were no significant differences
in the extent of penetration. Thickened carbonated beverages positively affected swallowing
compared with thickened non-carbonated beverages. Thus, the use of thickened carbonated
beverages may be helpful for patients with dysphagia.

The number of patients with dysphagia is expected to increase as the population ages Hence, identifying ways to
improve the quality of life of these patients is important. Additionally, appropriate food preparations and thicken-
ing of beverages may be required depending on the severity of dysphagia. Patients with dysphagia often experi-
ence aspiration when consuming thin liquids'. When water is swallowed, it flows quickly through the pharynx,
potentially leading to aspiration when deficits in swallowing function exist. To prevent aspiration, liquids can
be thickened if other methods are ineffective. The speed of the bolus flowing into the pharynx can be decreased
by thickening, thereby preventing aspiration caused by the delay in timing of swallowing?™®. Although viscosity
varies with the type of beverage and thickener, studies in chronic post-stroke patients suggest that 150-800 mPa-s
is an appropriate viscosity for patients with dysphagia. Meanwhile, 250 mPa-s is the minimum viscosity that may
prevent aspiration, whereas a viscosity above 800 mPa-s is still safe”®.

Additionally, the stimulation from food itself affects swallowing dynamics. Transient receptor potential ago-
nists, such as capsaicin, menthol, or the olfactory stimulation of black pepper, promote the initiation of the swal-
lowing reflex’. Recently, smaller amounts of carbonated water initiate the swallowing reflex earlier than water in
healthy adults'. Furthermore, the pharyngeal transit time is shorter in patients with dementia and Parkinson’s
disease when carbonated water is consumed vs. plain or thickened water''. The posterior wall of the pharynx
and the anterior and posterior faucial pillars are sensitive to chemical stimuli that initiate swallowing reflexes'2.
These stimuli are transmitted to the swallowing center via the pharyngeal branches of the glossopharyngeal and
superior laryngeal nerves'®. Chemical stimulation due to the effervescence of carbonic acid stimulates sensory
receptors and activates innervating nerves to promote swallowing'*"'¢. Carbonated liquids improve swallowing,
which may prevent penetration and aspiration'®. The effect of thickened carbonated beverages on swallowing
dynamics has been verified in previous studies!”. However, the effects of carbonation in commercially available
thickened carbonated beverages have not been explored. Therefore, this study investigated the effects of carbona-
tion in thickened carbonated beverages by comparing the swallowing dynamics with and without carbonation.
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Sex

Male (N, %) 19 (50.0)
Female (N, %) 19 (50.0)
Age (years) (median, IQR) 80 (74, 85)
Primary disease of dysphagia (N, %)

Organic disease 9(23.7)
Cerebrovascular disease 8(21.1)
Neurological disease 8 (21.1)
Dementia 6 (15.8)
Others 7(18.4)
DSS (N, %)

1 0(0)

2 4(10.5)
3 15 (39.5)
4 8(21.1)
5 6(15.8)
6 5(13.2)
7 0(0)

FOIS (N, %)

0(0)

12 (31.6)
5(13.2)
3(7.9)
9(237)
9(23.7)
0(0)

N || e W[N] -

Table 1. Patient characteristics. N number, IQR interquartile range, DSS dysphagia severity scale, FOIS
functional oral intake scale.

Results

Line-spread test. The flow distance of Line-Spread Test (LST) was 3.42 cm in thickened carbonated cola, and
3.54 cm in thickened non-carbonated cola. Although LST values do not precisely correlate with viscosity, both thicken-
ing concentrations were estimated to be moderately thick based on the Japanese Dysphagia Diet 2021.

Participant characteristics. The participants’ characteristics are shown in Table 1. Overall, 38 participants
were included in the study; 19 were men, and the patients had median age of 80 (74-85) years. The primary dis-
eases included organic disease (23.7%), cerebrovascular disease (21.1%), neurological disease (21.1%), dementia
(15.8%), and others (18.4%).

Swallowing dynamics. The results of the Wilcoxon signed-rank test are summarized in Table 2. There was
no significant difference in the extent of penetration and aspiration between thickened carbonated cola (1 [1-2])
and thickened non-carbonated cola (1 [1-2]) (p=0.271) as shown by the Penetration-Aspiration Scale (PAS)
(Fig. 1a). Thickened carbonated cola (2 [1-2.75]) resulted in significantly less pharyngeal residue in the vallecula
than thickened non-carbonated cola (2 [2-3]; p=0.007) (Fig. 1b, c). Thickened carbonated cola (2 [1-2]) also
resulted in significantly less pharyngeal residue in the pyriform sinus than thickened non-carbonated cola (2
[2-3]; p=0.004) (Fig. 1b, ). Additionally, thickened carbonated cola initiated the swallowing reflex significantly
earlier (3 [2-4.75]) than thickened non-carbonated cola (3.5 [3-5]; p=0.007) (Fig. 2a, b).

Discussion

This study showed that thickened carbonated cola positively affects the swallowing dynamics of patients with
dysphagia compared with thickened non-carbonated cola. The study participants were older adults who had
a variety of diseases and varied severities of dysphagia. This study also showed that consumption of thickened
carbonated cola resulted in less pharyngeal residue than thickened non-carbonated cola.

Sensory stimuli are essential to swallowing. Various oral stimuli, such as nociception, chemical stimuli,
and pain and tactile stimuli including air pulses, cause swallowing movements'>'®!°. The posterior wall of the
pharynx and the anterior and posterior faucial pillars are sensitive areas for chemical stimuli that initiate swal-
lowing reflexes'. Furthermore, sensory stimuli near the vocal cords effectively induce the swallowing reflex'>*°.
The trigeminal, facial, glossopharyngeal, and superior laryngeal nerves are mainly involved in afferent sen-
sory inputs related to swallowing movements'. Chemical stimuli induced by effervescence from carbonic acid
stimulate pain perception in areas sensitive to stimuli that induce the swallowing reflex, which is innervated
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Thickened non-carbonated
Thickened carbonated cola | cola

Median (IQR) | Min, Max | Median (IQR) | Min, Max | p value

PAS score 1(1-2) 1,6 1(1-2) 1,5 0.271

Pharyngeal residue (vallecula) 2 (1-2.75) 1,4 2(2-3) 1,4 0.007*
Pharyngeal residue (pyriform sinus) 2(1-2) 1,4 2(2-3) 1,4 0.004*
Location of the bolus at the initiation of swallowing reflex 3 (2-4.75) 1,5 3.5(3-5) 1,5 0.007*

Table 2. Comparison of thickened carbonated and non-carbonated cola. Penetration-Aspiration Scale. 1:
contrast does not enter the airway, 2: contrast enters the airway; remains above vocal folds, no residue, 3:
contrast remains above vocal folds, visible residue remains, 4: contrast contacts vocal folds, no residue, 5:
contrast contacts vocal folds, visible residue remains, 6: contrast passes glottis, no subglottic residue visible,
7: contrast passes glottis, visible subglottic residue despite patient’s response, 8: contrast passes glottis, visible
subglottic residue, absent patient response. The Yale Pharyngeal Residue Severity Rating Scale (vallecula).

1: none; no residue, 2: trace; trace coating of the mucosa, 3: mild; epiglottic ligament visible, 4: moderate;
epiglottic ligament covered, 5: severe; filled to epiglottic rim. The Yale Pharyngeal Residue Severity Rating
Scale (pyriform sinus). 1: none; no residue, 2: trace; trace coating of mucosa, 3: mild; up wall to quarter full,
4: moderate; up wall to half full, 5: severe; filled to aryepiglottic fold. Location of the bolus at the initiation of
swallowing reflex. 1: oral, 2: vallecula, 3: epiglottis, 4: hypopharynx, 5: pyriform sinus. IQR interquartile range,
PAS Penetration-Aspiration Scale. *p values <0.05 are significant.

by the glossopharyngeal and pharyngeal branches of the superior laryngeal nerve and induces afferent sensory
input! #1521,

Additionally, carbon dioxide in carbonated beverages is converted to carbonic acid in the oral cavity, which
stimulates nociceptors in the tongue’>?. Sensory stimuli in the oral and pharyngeal regions are transmitted
via afferent nerves to the brain, where they activate swallowing mechanisms'®. The present study indicates that
sensory stimulation by carbonic acid on the motor systems associated with swallowing may have led to the early
initiation of the swallowing reflex and a reduction of pharyngeal residues.

Swallowing movements are affected by taste and chemical stimuli*. Acidic stimuli in the oral and pharyngo-
laryngeal regions induce swallowing and improve the timing of swallowing initiation. Furthermore, acidic stimuli
cause strong contractions of swallowing-related muscles, promoting swallowing?>-?’. Although the swallowed
volume of carbonated water was less than that of plain water, the masseter and suprahyoid muscles more strongly
contracted with carbonated water compared to plain water?. A study using rats reported that acid taste receptors
in the oral cavity react with carbon dioxide dissolved in carbonated beverages®. Thickened carbonated beverages
are effective for swallowing in patients with pharyngeal phase disorders; however, caution should be taken when
giving these beverages to patients with dysphagia who have oral phase disorders, such as difficulty feeding food
into the pharynx, due to the risk of teeth decalcification or erosion of the oral cavity’s residuals. The ingredients of
cola include sugar, carbonic acid, caramel color, acidulants, and flavorings, and it has a pH of approximately 2.4.
The critical pH at which teeth demineralize is approximately 5.5; hence, consumption of thickened cola increases
tooth demineralization or erosion™®. If the oral cavity is acidic, the amount of wear caused by brushing is greater
than if it is neutral®!. Therefore, while the acidity is neutralized by the buffering capacity of saliva®, oral care,
including cleaning the mouth with a sponge brush or gauze after consuming thickened carbonated beverages, is
necessary to prevent thickened carbonated beverages from remaining in the oral cavity.

Carbonated beverages are very popular worldwide. However, patients with dysphagia who have oropharyngeal
disorders often have difficulty drinking liquids due to the risk of aspiration. This study allowed patients with
dysphagia who favored carbonated beverages but could not consume them due to the risk of aspiration to taste
thickened carbonated beverages. The positive effects of thickened carbonated beverages on swallowing can also
be used in the rehabilitation of patients with dysphagia. For example, patients with dysphagia who have decreased
pharyngeal contraction due to aging or disuse and are at a high risk of aspiration due to pharyngeal residues, may
be able to reduce their risk of aspiration by consuming thickened carbonated beverages, which are less likely to
have pharyngeal residues as compared to thickened non-carbonated beverages. In some cases, inducing swal-
lowing is difficult due to a decline in oral function caused by a prolonged lack of oral intake or decreased level of
consciousness or physical function. In such cases, using thickened carbonated beverages would be an effective
strategy in the rehabilitation of patients with dysphagia with a low risk of aspiration. The taste and effervescent
stimulus of thickened carbonated beverages can also help activate the oral, pharyngeal, and laryngeal senses.
Furthermore, dysphagia can be caused by decreased muscle strength as well as a decrease in sensory function
due to aging or neurological and anatomical factors®**>**, Therefore, compensatory strategies through sensory
stimulation using food, such as carbonated drinks, is considered effective for dysphagia rehabilitation®”.

Our study had several limitations. First, since we did not compare thickened carbonated beverages with
non-thickened carbonated beverages, it was difficult to determine whether the effect of carbonation in thick-
ened carbonated beverages was equivalent to that of non-thickened carbonated beverages. Moreover, since the
same product was compared, it was thought that there was no difference in the initial viscosity of the beverage.
However, the effects of the differences in the ingredients and thickening products on the physical properties
of thickened carbonated beverages and swallowing must be considered. Second, the appropriate thickening
concentration varies depending on the severity of dysphagia; therefore, it is necessary to determine whether a
change in the degree of thickening would result in a change in swallowing dynamics. The food thickener used in
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Figure 1. Comparison of swallowing dynamics between thickened carbonated and thickened non-carbonated
cola. (a) Comparison of penetration/aspiration with thickened carbonated cola and thickened non-carbonated
cola. (b) Boxplot comparing the amount of pharyngeal residue between thickened carbonated cola and
thickened non-carbonated cola (*p <0.05). (c) Bar graph comparing the amount of pharyngeal residue for
thickened carbonated cola and thickened non-carbonated cola. PAS Penetration-Aspiration Scale.
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Figure 2. Comparison of the location of bolus at the initiation of swallowing between thickened carbonated
cola and thickened non-carbonated cola (a) box plot; *p <0.05, (b) bar chart.

this study was xanthan gum-based. Third, the effervescence of thickened carbonated beverages makes it difficult
to accurately measure gas volume. Therefore, gas volume in thickened cola was not measured.

Commercially available carbonated beverages can be easily and conveniently consumed by anyone. Mean-
while, patients with dysphagia who require thickened beverage may benefit from the effects of carbonic acid
for swallowing training. In the future, we plan to perform an interventional study to investigate whether com-
pensatory strategies using thickened carbonated beverages will improve the effect of approaches in hospitalized
patients with dysphagia.

Conclusion

This study showed that thickened carbonated beverages positively affect swallowing in patients with dysphagia
because thickened carbonated beverages reduce pharyngeal residue and induce the swallowing reflex earlier
than thickened non-carbonated beverages.
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Methods

Trial design and participants. This crossover randomized controlled study was conducted at the Tokyo
Medical and Dental University Hospital (Tokyo, Japan) and confirmed with the CONSORT statement. A total of
38 patients with dysphagia who needed videoendoscopic swallowing evaluation at the Department of Dysphagia
Rehabilitation of Tokyo Medical and Dental University in October 2022 were enrolled. Patients were diagnosed
with dysphagia based on swallowing function assessment, including videoendoscopic examinations (VE) or
video fluoroscopic examinations prior to the study’s implementation. The exclusion criteria were those who had
difficulties during swallowing evaluation with severe aspiration, significant medical disorders, functional oral
intake scale (FOIS)*® score of 7, and non-consent to enrollment. This study was approved by the Dental Research
Ethics Committee of Tokyo Medical and Dental University (D2020-047) and was registered in the UMIN clinical
trial registration system on September 3, 2020 (UMIN000041674). All procedures performed were in accord-
ance with the ethical standards of the institutional and/or national research committee and with the 1964 Hel-
sinki Declaration and its later amendments or comparable ethical standards. Informed written informed consent
was obtained from all participants or their legal representatives.

Randomization and masking. We conducted a two-group comparison of the swallowing dynamics
between thickened carbonated and thickened non-carbonated beverages. To eliminate potential order effects
from swallowing each test liquid, participants were randomly divided into two groups using the numbered con-
tainer method: those who first swallowed thickened carbonated beverages and those who swallowed thickened
non-carbonated beverages. The participants were blinded to the order in which they swallowed the test liquid.

Procedure. Thickened carbonated beverages used in the study were prepared the day before the test by a
single dentist.

Commercial carbonated beverage colas, which contain approximately 3.7-3.8 GV of carbon dioxide gas, were
used as the test liquids because it was familiar and readily available. Food thickener (5 g; Neo-High Toromeal
111, FoodCare, Kanagawa, Japan) was added to a 500-mL plastic bottle of cola (1 g/100 mL) and immediately
mixed by closing the lid and shaking for about 30 s to create thickened cola. The cola was thickened according
to the viscosity of the International Dysphagia Diet Standardization Initiative Level 3 equivalent. The bottle of
thickened cola was placed sideways in the refrigerator for 12-18 h before testing started to allow sufficient time
for the carbonic acid to dissolve into the liquid. This manner prevented the loss of gas due to the addition of the
thickening agent and shaking. Non-carbonated cola was prepared by leaving a bottle of cola with its lid open in
the refrigerator for 24 h. Thickened non-carbonated cola was prepared at the time of testing using the same food
thickener and the same viscosity. The temperature of the thickened carbonated and thickened non-carbonated
beverages was approximately 10 °C. Each test liquid was colored with food coloring to blind the examiner and
participants.

The participants’ age, sex, primary disease, dysphagia severity scale’’, and FOIS*® were extracted from the
medical records. VE were performed to evaluate the swallowing dynamics when participants swallowed thickened
carbonated colas and thickened non-carbonated colas. A fiberoptic endoscope (Pentax Japan, Tokyo, Japan) was
inserted through the nostrils of the participants while they were sitting in a chair or lying on a bed. No anesthesia
was used to insert the fiberoptic endoscope through the nostrils. Following the order assigned to them, 5 mL of
test liquid was placed into their mouth using a syringe, and they were instructed to swallow. This process was
repeated after ensuring that the previous liquid had been swallowed. Each test sample was ingested three times
consecutively. From the VE data, we evaluated the presence of aspiration or penetration, pharyngeal residue in
the vallecula and pyriform sinus, and position of initiation of the swallowing reflex.

Assessment of swallowing function.  Aspiration and penetration were evaluated using the Penetration-
Aspiration Scale (PAS)*® on a scale of 1 (no penetration and aspiration; contrast does not enter the airway) to 8
(aspiration; contrast passes the glottis, visible subglottic residue, and absent patient response).

The amount of pharyngeal residue in the vallecula and pyriform sinus was evaluated separately using the Yale
Pharyngeal Residue Severity Rating Scale®® on a scale of 1 (none) to 5 (severe).

The position of the tip of the food bolus at the point of swallowing initiation was classified into five levels:
oral cavity, vallecula, epiglottis, hypopharynx, and pyriform sinus*.

All evaluations were performed by a single dentist who works at the department of dysphagia rehabilitation
in the university hospital and was blinded to the type of cola consumed. The lowest scores of the three ingestions
were adopted for each trial.

Statistical analysis. The Wilcoxon signed-rank test was performed to compare the PAS, the Yale Pharyn-
geal Residue Severity Rating Scale, and position of swallowing reflex between thickened carbonated and thick-
ened non-carbonated cola. The significance level was set at p <0.05, and IBM SPSS for Windows, Version 28.0
(IBM Japan, Tokyo, Japan) was used for the statistical analysis. Data are presented as median (interquartile
range).

Sample size calculation. G*power 3.1 (Heinrich Heine University, Duesseldorf, Germany) was used to
calculate the number of participants required, which revealed that at least 35 participants were required (power:
0.8, effect size: 0.5, tails: two tailed, parent distribution: normal). Calculations were made with reference to the
previous study*!.
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Line-spread test. Accurate measurement of the viscosity of thickened carbonated beverages with a rota-
tional viscometer is challenging. In this regard, measuring a constant amount of liquid is difficult due to the
effect of carbon dioxide gas dissolved in the liquid and the production of carbonic acid bubbles by the meas-
urement technique. Similarly, it is difficult to measure viscosity with a syringe test because air bubbles in the
thickened carbonated beverage prevents the liquid from dripping. Therefore, the thickening concentrations of
the thickened carbonated beverage and thickened non-carbonated beverage used in this study were measured
using LST*

The LST equipment (Saraya, Osaka, Japan) was used. A cylinder (3.0 cm in height and 2.8. cm in diameter)
was placed in the center of concentric circles (drawn every 1 mm) on a plastic plate. The cylinder was filled with
20 mL of sample. The temperature of each sample was approximately 10°C. After 30 s, the cylinder was lifted,
and the sample was allowed to flow for 30 s. Subsequently, the distance that the sample flowed was measured
at 6 points, and the average value was calculated. Each trial was performed 3 times on each test liquid, and the
average was calculated.

Data availability

The datasets generated and analyzed during the current study are not publicly available due to them containing
information that could compromise the privacy of the participants but are available from the corresponding
author upon reasonable request.

Received: 3 August 2022; Accepted: 7 December 2022
Published online: 22 December 2022

References

1. Lundy, D. S. et al. Aspiration: Cause and implications. Otolaryngol. Head Neck Surg. 120, 474-478. https://doi.org/10.1053/hn.
1999.v120.291765 (1999).

2. Sura, L., Madhavan, A., Carnaby, G. & Crary, M. A. Dysphagia in the elderly: management and nutritional considerations. Clin.
Interv. Aging 7, 287-298. https://doi.org/10.2147/CIA.S23404 (2012).

3. Umemoto, G. & Furuya, H. Management of dysphagia in patients with Parkinson’s disease and related disorders. Intern. Med. 59,
7-14. https://doi.org/10.2169/internalmedicine.2373-18 (2020).

4. Robbins, J. et al. Defining physical properties of fluids for dysphagia evaluation and treatment. Perspect. Swallowing Swallowing
Dis. (Dysph) 11, 16-19. https://doi.org/10.1044/sasd11.2.16 (2002).

5. Clavé, P. et al. The effect of bolus viscosity on swallowing function in neurogenic dysphagia. Aliment. Pharmacol. Ther. 24, 1385—
1394. https://doi.org/10.1111/j.1365-2036200603118.x (2006).

6. Steele, C. M. et al. The influence of food texture and liquid consistency modification on swallowing physiology and function: A
systematic review. Dysphagia 30, 2-26. https://doi.org/10.1007/s00455-014-9578-x (2015).

7. Garcia, J. M., Jane, M. G., Chambers, E., Ziad, M. & Clark, M. Viscosity measurements of nectar- and honey-thick liquids: product,
liquid, and time comparisons. Dysphagia 20, 325-335. https://doi.org/10.1007/s00455-005-0034-9 (2005).

8. Bolivar-Prados, M. et al. Effect of a gum-based thickener on the safety of swallowing in patients with poststroke oropharyngeal
dysphagia. Neurogastroenterol. Motil. 31, e13695. https://doi.org/10.1111/nmo.13695 (2019).

9. Ebihara, S., Kohzuki, M., Sumi, Y. & Ebihara, T. Sensory stimulation to improve swallowing reflex and prevent aspiration pneu-
monia in elderly dysphagic people. J. Pharmacol. Sci. 115, 99-104. https://doi.org/10.1254/jphs.10RO5CP (2011).

10. Karaho, T. Elicitation of swallowing reflex by water infusion into the oropharynx-potentiality of application of chilled carbonated
water infusion toward swallowing training. Otol. Fukuoka 52, S$44-S47 (2006).

11. Larsson, V., Torisson, G., Billow, M. & Londos, E. Effects of carbonated liquid on swallowing dysfunction in dementia with Lewy
bodies and Parkinson’s disease dementia. Clin. Interv. Aging 12, 1215-1222. https://doi.org/10.2147/CIA.S140389 (2017).

12. Steele, C. M. & Miller, A. . Sensory input pathways and mechanisms in swallowing: A review. Dysphagia 25, 323-333. https://doi.
0rg/10.1007/s00455-010-9301-5 (2010).

13. Butler, S. G. et al. Factors influencing bolus dwell times in healthy older adults assessed endoscopically. Laryngoscope 121, 2526
2534. https://doi.org/10.1002/lary.22372 (2011).

14. Morishita, M., Mori, S., Yamagami, S. & Mizutani, M. Effect of carbonated beverages on pharyngeal swallowing in young individu-
als and elderly inpatients. Dysphagia 29, 213-222. https://doi.org/10.1007/s00455-013-9493-6 (2014).

15. Kitagawa, J., Shingai, T., Takahashi, Y. & Yamada, Y. Pharyngeal branch of the glossopharyngeal nerve plays a major role in reflex
swallowing from the pharynx. Am. J. Physiol. Regul. Integr. Comp. Physiol. 282, R1342-R1347. https://doi.org/10.1152/ajpregu.
00556.2001 (2002).

16. Nagano, A., Maeda, K., Shimizu, A., Murotani, K. & Mori, N. Effects of carbonation on swallowing: Systematic review and meta-
analysis. Laryngoscope 132, 1924-1933. https://doi.org/10.1002/lary.30019 (2022).

17. Morishita, M., Okubo, M. & Sekine, T. Effects of carbonated thickened drinks on pharyngeal swallowing with a flexible endoscopic
evaluation of swallowing in older patients with oropharyngeal dysphagia. Healthcare 10, 1769. https://doi.org/10.3390/healthcare
10091769 (2022).

18. Shapira-Galitz, Y. et al. Effects of carbonation of liquids on penetration-aspiration and residue management. Eur. Arch. Otorhi-
nolaryngol. 278, 4871-4881. https://doi.org/10.1007/s00405-021-06987-z (2021).

19. Lowell, S. Y. et al. Sensory stimulation activates both motor and sensory components of the swallowing system. Neuroimage 42,
285-295. https://doi.org/10.1016/j.neuroimage.2008.04.234 (2008).

20. Pommerenke, W. T. A study of the sensory areas eliciting the swallowing reflex. Am. J. Physiol. 84, 36-41. https://doi.org/10.1152/
ajplegacy.1928.84.1.36 (1928).

21. Miura, Y., Morita, Y., Koizumi, H. & Shingai, T. Effects of taste solutions, carbonation, and cold stimulus on the power frequency
content of swallowing submental surface electromyography. Chem. Senses 34, 325-331. https://doi.org/10.1093/chemse/bjp005
(2009).

22. Dessirier, J. M., Simons, C. T., Carstens, M. I, O'Mahony, M. & Carstens, E. Psychophysical and neurobiological evidence that the
oral sensation elicited by carbonated water is of chemogenic origin. Chem. Senses 25, 277-284. https://doi.org/10.1093/chemse/
25.3.277 (2000).

23. Simons, C. T, Dessirier, ]. M., Carstens, M. I., O’'Mahony, M. & Carstens, E. Neurobiological and psychophysical mechanisms
underlying the oral sensation produced by carbonated water. . Neurosci. 19, 8134-8144. https://doi.org/10.1523/J]NEUROSCIL.
19-18-08134.1999 (1999).

24. Shingai, T. & Shimada, K. Reflex swallowing elicited by water and chemical substances applied in the oral cavity, pharynx, and
larynx of the rabbit. Jpn. J. Physiol. 26, 455-469. https://doi.org/10.2170/jjphysiol.26.455 (1976).

Scientific Reports |

(2022) 12:22151 | https://doi.org/10.1038/s41598-022-25926-4 nature portfolio


https://doi.org/10.1053/hn.1999.v120.a91765
https://doi.org/10.1053/hn.1999.v120.a91765
https://doi.org/10.2147/CIA.S23404
https://doi.org/10.2169/internalmedicine.2373-18
https://doi.org/10.1044/sasd11.2.16
https://doi.org/10.1111/j.1365-2036200603118.x
https://doi.org/10.1007/s00455-014-9578-x
https://doi.org/10.1007/s00455-005-0034-9
https://doi.org/10.1111/nmo.13695
https://doi.org/10.1254/jphs.10R05CP
https://doi.org/10.2147/CIA.S140389
https://doi.org/10.1007/s00455-010-9301-5
https://doi.org/10.1007/s00455-010-9301-5
https://doi.org/10.1002/lary.22372
https://doi.org/10.1007/s00455-013-9493-6
https://doi.org/10.1152/ajpregu.00556.2001
https://doi.org/10.1152/ajpregu.00556.2001
https://doi.org/10.1002/lary.30019
https://doi.org/10.3390/healthcare10091769
https://doi.org/10.3390/healthcare10091769
https://doi.org/10.1007/s00405-021-06987-z
https://doi.org/10.1016/j.neuroimage.2008.04.234
https://doi.org/10.1152/ajplegacy.1928.84.1.36
https://doi.org/10.1152/ajplegacy.1928.84.1.36
https://doi.org/10.1093/chemse/bjp005
https://doi.org/10.1093/chemse/25.3.277
https://doi.org/10.1093/chemse/25.3.277
https://doi.org/10.1523/JNEUROSCI.19-18-08134.1999
https://doi.org/10.1523/JNEUROSCI.19-18-08134.1999
https://doi.org/10.2170/jjphysiol.26.455

www.nature.com/scientificreports/

25. Kajii, Y. et al. Sour taste stimulation facilitates reflex swallowing from the pharynx and larynx in the rat. Physiol. Behav. 77, 321-325.
https://doi.org/10.1016/s0031-9384(02)00854-5 (2002).

26. Logemann, J. A. et al. Effects of a sour bolus on oropharyngeal swallowing measures in patients with neurogenic dysphagia. J.
Speech Hear. Res. 38, 556-563. https://doi.org/10.1044/jshr.3803.556 (1995).

27. Miyaoka, Y. et al. Influences of thermal and gustatory characteristics on sensory and motor aspects of swallowing. Dysphagia 21,
38-48. https://doi.org/10.1007/s00455-005-9003-6 (2006).

28. Takeuchi, C. et al. Effects of carbonation and temperature on voluntary swallowing in healthy humans. Dysphagia 36, 384-392.
https://doi.org/10.1007/s00455-020-10147-6 (2021).

29. Chandrashekar, J. et al. The taste of carbonation. Science 326, 443-445. https://doi.org/10.1126/science.1174601 (2009).

30. Dawes, C. What is the critical pH and why does a tooth dissolve in acid?. J. Can. Dent. Assoc. 69, 722-724 (2003).

31. Kielbassa, A. M. et al. Profilometric and microradiographic studies on the effects of toothpaste and acidic gel abrasivity on sound
and demineralized bovine dental enamel. Caries Res. 39, 380-386. https://doi.org/10.1159/000086844 (2005).

32. Muzalaf, M. A. R., Hannas, A. R. & Kato, M. T. Saliva and dental erosion. J. Appl. Oral Sci. 20, 493-502. https://doi.org/10.1590/
$1678-77572012000500001 (2012).

33. Wirth, R. et al. Oropharyngeal dysphagia in older persons—from pathophysiology to adequate intervention: A review and sum-
mary of an international expert meeting. Clin. Interv. Aging 11, 189-208. https://doi.org/10.2147/CIA.S97481 (2016).

34. Kletzien, H., Cullins, M. J. & Connor, N. P. Age-related alterations in swallowing biomechanics. Exp. Gerontol. 118, 45-50. https://
doi.org/10.1016/j.exger.2019.01.006 (2019).

35. Regan, J. Impact of sensory stimulation on pharyngo-esophageal swallowing biomechanics in adults with dysphagia: A high-
resolution manometry study. Dysphagia 35, 825-833. https://doi.org/10.1007/s00455-019-10088-9 (2020).

36. Crary, M. A., Mann, G. D. & Groher, M. E. Initial psychometric assessment of a functional oral intake scale for dysphagia in stroke
patients. Arch. Phys. Med. Rehabil. 86, 1516-1520. https://doi.org/10.1016/j.apmr.2004.11.049 (2005).

37. Tohara, H., Palmer, J. B., Reynolds, K., Kuhlemeier, K. V. & Palmer, S. Dysphagia severity scale. Kokubyo Gakkai Zasshi 70, 242-248.
https://doi.org/10.5357/koubyou.70.242 (2003).

38. Butler, S. G., Markley, L., Sanders, B. & Stuart, A. Reliability of the penetration aspiration scale with flexible endoscopic evaluation
of swallowing. Ann. Otol. Rhinol. Laryngol. 124, 480-483. https://doi.org/10.1177/0003489414566267 (2015).

39. Neubauer, P. D., Rademaker, A. W. & Leder, S. B. The Yale Pharyngeal Residue Severity Rating Scale: an anatomically defined and
image-based tool. Dysphagia 30, 521-528. https://doi.org/10.1007/s00455-015-9631-4 (2015).

40. Matsuo, K. et al. Effect of viscosity on food transport and swallow initiation during eating of two-phase food in normal young
adults: a pilot study. Dysphagia 28, 63-68. https://doi.org/10.1007/s00455-012-9413-1 (2013).

41. Sdravou, K., Walshe, M. & Dagdilelis, L. Effects of carbonated liquids on oropharyngeal swallowing measures in people with
neurogenic dysphagia. Dysphagia 27, 240-250. https://doi.org/10.1007/s00455-011-9359-8 (2012).

42. Watanabe, E. et al. The criteria of thickened liquid for dysphagia management in Japan. Dysphagia 33, 26-32. https://doi.org/10.
1007/s00455-017-9827-x (2018).

Acknowledgements

This work was funded by CLINICO; the Japan Society for the Promotion of Science (Grant number: 21H03390
to KM); and the Research Funding of Longevity Sciences from the Ministry of Health, Labour and Welfare of
Japan (Grant number: 20-57 and 22-4 to KM). The authors thank all staff members and participants involved
in this study.

Author contributions

All authors contributed to the study conception and design. Conceptualization: K.M.; Methodology: K.N., K. M.,
and H.T.; Project Administration: K.N. and K.Y.; Investigation: A.S., Y.N., A.Y. and R.Y,; Data Curation: A.S.,
K.Y. and K.N,; Formal analysis: A.S., K.Y. and K.N,; Visualization: A.S., K.Y. and K.N.; Writing-original draft
presentation: A.S. and K.Y.; Writing-review and editing: K.N., K.Y., AN., K.M. and H.T. Supervision: K.M. and
H.T. All authors read and approved the final manuscript.

Competing interests
KM and HT received a scholarship grant from CLINICO. AS, KY, KN, YN, AY, RY, KY and AN declare no
competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2023

Scientific Reports |

(2022) 12:22151 | https://doi.org/10.1038/s41598-022-25926-4 nature portfolio


https://doi.org/10.1016/s0031-9384(02)00854-5
https://doi.org/10.1044/jshr.3803.556
https://doi.org/10.1007/s00455-005-9003-6
https://doi.org/10.1007/s00455-020-10147-6
https://doi.org/10.1126/science.1174601
https://doi.org/10.1159/000086844
https://doi.org/10.1590/S1678-77572012000500001
https://doi.org/10.1590/S1678-77572012000500001
https://doi.org/10.2147/CIA.S97481
https://doi.org/10.1016/j.exger.2019.01.006
https://doi.org/10.1016/j.exger.2019.01.006
https://doi.org/10.1007/s00455-019-10088-9
https://doi.org/10.1016/j.apmr.2004.11.049
https://doi.org/10.5357/koubyou.70.242
https://doi.org/10.1177/0003489414566267
https://doi.org/10.1007/s00455-015-9631-4
https://doi.org/10.1007/s00455-012-9413-1
https://doi.org/10.1007/s00455-011-9359-8
https://doi.org/10.1007/s00455-017-9827-x
https://doi.org/10.1007/s00455-017-9827-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of thickened carbonated cola in older patients with dysphagia
	Results
	Line-spread test. 
	Participant characteristics. 
	Swallowing dynamics. 

	Discussion
	Conclusion
	Methods
	Trial design and participants. 
	Randomization and masking. 
	Procedure. 
	Assessment of swallowing function. 
	Statistical analysis. 
	Sample size calculation. 
	Line-spread test. 

	References
	Acknowledgements


