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Cerebral hemodynamics and
functional connectivity changes
in stroke patients with dysphagia
under acidic taste stimulation: a
preliminary study

Jiliang Kang'?, Junyue Lu?, Mengbi Gu?, Shuang Gong?,
Xiaohan Li?, Xiaojuan Li?, Lifeng Tang'?, Yu Jin?, Youliang Wen?*!
and Min Tang™**

INingbo Rehabilitation Hospital, Ningbo, Zhejiang, China, ?School of Rehabilitation Medicine, Gannan
Medical University, Ganzhou, Jiangxi, China

Background: Swallowing difficulties after a stroke are a common complication
that significantly impact the quality of life of patients. The cortical activation
patterns in patients with dysphagia following a stroke may be influenced by
different taste stimuli, but the underlying neural mechanisms remain unclear.

Objectives: The aim of this study was to investigate the changes in brain cortical
hemodynamic signals and functional connectivity in stroke patients with
dysphagia during acidic taste stimulation.

Methods: We recruited 15 patients with first-time swallowing difficulties due to
stroke (53% male; mean age 69 + 9.43 years; duration 2.47 + 1.31 months post-
stroke, onset between 2 weeks and 6 months). A 41-channel functional near-
infrared spectroscopy (fNIRS) was used to measure changes in concentrations
of oxygenated hemoglobin (HbO,) and deoxygenated hemoglobin (HbR) during
taste stimulation. A one-sample t-test was used for cohort analysis. A two-
sample t-test was used to compare cortical activation differences between pure
water and acidic stimuli. Additionally, relative changes in HbO, concentration
throughout the experiment were extracted for functional connectivity analysis.
The Pearson correlation coefficients of HbO, concentrations across channels
were analyzed in the time series, followed by Fisher Z-transformation, which
was defined as the functional connectivity strength between channels.

Results: During acidic taste stimulation, significant activation of multiple cortical
regions, including Dorsolateral Prefrontal Cortex (DLPFC), Supplementary
Motor Cortex (PSMC), and Primary Somatosensory Cortex (PSC) was observed
compared to the neutral water condition (p < 0.05). Functional connectivity
analysis revealed that the average functional connectivity strength of the
cortical network during acidic taste stimulation was significantly higher than
during the neutral water condition (acidic taste: 0.337 + 0.134; neutral water:
0.249 + 0.142, p = 0.03).

Conclusion: This study demonstrates that acidic taste stimulation can
significantly activate multiple cortical regions in stroke patients with dysphagia
and enhance the connectivity strength of brain functional networks, which may
have a positive effect on swallowing function regulation. These findings provide
a theoretical basis for future taste-based neurorehabilitation interventions and
offer new insights into the treatment strategies for dysphagia after stroke.
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1 Introduction

Stroke is one of the leading causes of adult disability and death
worldwide. According to the World Health Organization, millions of
new cases of stroke occur annually. Strokes can be classified into
ischemic and hemorrhagic types, with ischemic strokes being the most
common. Strokes not only severely impact patients’ physical health
but also significantly affect their quality of life and impose a burden
on families. Dysphagia is a common sequela in stroke patients, with
an incidence rate of 50 to 80% (1). Dysphagia not only affects patients’
food intake but also can lead to complications such as malnutrition,
dehydration, and aspiration pneumonia, further increasing patient
suffering and medical costs (2, 3).

The mechanism of dysphagia is complex, involving various
neurophysiological processes. With the development of imaging
technology, many studies have found cortical activation in the brain
during swallowing, such as the cerebellum, anterior cingulate cortex,
somatosensory cortex, primary motor cortex, supplementary motor
area, and Brocas area (4-6). Stroke can damage the neural network
controlling swallowing, including multiple regions such as the cerebral
cortex, brainstem, and spinal cord, and dysphagia can also occur in
patients with unilateral stroke (7). Particularly, functional impairment
in areas such as the frontal cortex, sensorimotor cortex, and primary
motor cortex often leads to a decrease in swallowing reflex and a
ability (8). These
neurophysiological mechanisms of damage have a significant impact

decline in swallowing coordination
on the patient’s recovery process. Therefore, finding effective treatment
methods to improve swallowing function has become an important
direction in post-stroke rehabilitation research.

In recent years, taste stimulation, as a non-invasive intervention,
has gradually attracted the attention of researchers. The role of sour
taste stimulation in saliva secretion and swallowing reflex has been
preliminarily confirmed. Some studies have found that sour taste
stimulation can enhance the swallowing reflex and promote the
activation of related neural areas, thereby improving swallowing
function (9). This discovery suggests that the brain’s control over
swallowing through taste stimulation may provide a new therapeutic
approach for the rehabilitation of post-stroke dysphagia. Additionally,
sour taste stimulation has also been found to enhance the
hemodynamic activity of related brain areas, which means that taste
stimulation may improve swallowing function by affecting cerebral
blood flow (10). Previous studies have observed the effects of sour
stimulation on stroke patients with dysphagia, from airway damage
grading to detailed kinematic and morphological data, sensory
evaluation, electromyography, manometry, and various neuroimaging
measurements (11, 12). However, the specific mechanisms of the
effects of sour taste stimulation on stroke patients are still unclear,
especially in terms of cerebral blood flow dynamics and functional
connectivity, and research in these areas is still relatively scarce.
Therefore, this study aims to explore the effects of sour taste
stimulation on the cerebral blood flow dynamics and functional
connectivity of stroke patients, providing a scientific basis for
clinical rehabilitation.
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Previous studies have used magnetic resonance imaging (MRI) to
investigate the function of the cerebral cortex related to swallowing
(13, 14), but its applicability to the assessment of swallowing function
is low. Later, researchers used a neuroimaging instrument more
suitable for the assessment of swallowing function, functional near-
infrared spectroscopy (fNIRS). The fNIRS technique relies on specific
laser wavelengths (usually in the range of 700-1,700 nm) penetrating
through the scalp to enable non-invasive measurement of changes in
brain activity (15). It is widely used in clinical settings due to its safety,
low cost, portability, excellent temporal resolution (compared to
functional magnetic resonance imaging), and moderate spatial
resolution. fNIRS monitors the relative changes in the concentration
of oxygenated hemoglobin (HbO,) and deoxygenated hemoglobin
(HbR) in cerebral cortex blood flow using near-infrared light, thereby
indirectly reflecting brain functional activity (16, 17). fNIRS studies
investigating the hemodynamic response to taste stimulation are
relatively rare, but previous fNIRS studies have successfully shown
different changes in hemodynamic signals when healthy adults
swallow different liquids [e.g., tasteless versus flavored broth (18), or
sour water versus sweet water versus distilled water (10, 19)].

In summary, research on post-stroke dysphagia has important
clinical value, especially in finding new rehabilitation strategies. Sour
taste stimulation, as a potential intervention, requires further
exploration of its mechanism of action on stroke patients. This study
uses fNIRS technology to assess the changes in cerebral blood flow
dynamics and functional connectivity of stroke patients under sour
taste stimulation. We hope that this study will provide new theoretical
support for the swallowing rehabilitation of stroke patients and may
also open up new directions for future taste-based rehabilitation
treatments.

2 Materials and methods
2.1 Participants

The study subjects were selected from stroke patients admitted to
the Neurorehabilitation Department of Ningbo Rehabilitation
Hospital from September 2023 to May 2024. All patients met the
following inclusion criteria: (1) first-time unilateral stroke, diagnosed
by computed tomography (CT) or magnetic resonance imaging
(MRI); (2) patients with stable vital signs; (3) the course of the disease
was between 2 weeks and 6 months, and the age was between 40 and
80 years old; (4) dysphagia determined by fiberoptic endoscopic
evaluation of swallowing (FEES); (5) patients who could understand
and cooperate with fNIRS assessment and voluntarily signed an
informed consent form. Exclusion criteria are as follows: (1) patients
with a history of stroke, cerebral hemorrhage, or other neurologic
diseases; (2) patients with severe cognitive impairment or aphasia; (3)
patients with taste disorders; (4) patients with a history of intracranial
metal implants, skull defects, or other contraindications for fNIRS
examination; (5) patients with a history of sedation, antidepressant
medication; (6) patients with a history of medication that may change
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cortical excitability within 2 months. This study follows the Helsinki
Declaration and relevant international guidelines. The Ethics
Committee of Ningbo Rehabilitation Hospital (approval number
2023-24) granted ethical approval.

2.2 Activation task

The acidic taste stimulation condition was neutral acid (0.1 M
citric acid) (10), and the tasteless condition used pure water (20), both
solutions were at room temperature. The experimental paradigm was
divided into a taste stimulation phase and a rest phase. Before the
experiment, a cotton swab dipped in citric acid solution was applied
to the subjects mouth, and the subject was allowed to correctly
perceive the sour taste before proceeding with the experiment. All
participants were asked to remain seated in a relaxed position with
their hands on their knees. After communicating the experimental
process with the participants, no speaking was allowed. The
experimental process included three stages, each consisting of a 15-s
rest phase and a 30-s taste phase. During the taste stimulation phase,
participants were asked to slightly open their mouths, and the
experimenter used a cotton swab soaked in citric acid or pure water
to stimulate the tip of the tongue, both sides of the tongue, the root of
the tongue, and both sides of the oral cavity. During the rest period,
participants were asked to remain relaxed and not swallow. The order
of acid stimulation and pure water stimulation was randomized, and
after each taste stimulation task, participants rested for 5 min. After
the acid stimulation, participants were asked to rinse their mouths to
avoid residual effects. The specific experimental process is shown in
Figure 1.

2.3 Measurement of fNIRS

We used a 41-channel fNIRS system (Danyang Huichuang
Medical Equipment Co., Ltd., China) to measure the concentration
changes of HbO, and HbR under rest and taste stimulation at two
wavelengths of 730 and 850 nm of infrared light, based on the
modified Beer-Lambert law. With a sampling rate of 10 Hz, 16 light
sources and 15 detectors were placed on the scalp of the subjects. The
probe positioning is shown in Figure 2. To standardize the conditions
and prevent environmental light from entering the system, each
optical signal was attached to the skull surface with a custom hard
plastic cap. The brain region for fNIRS recording was chosen
according to the widely adopted 10/10 electrode system, with Cz
positioned between optodes S6 and S16 (21). A 3D digitizing system
was employed to obtain the MNI coordinates for each participant (22),
and the corresponding brain area was identified based on the MNI
and Talairach coordinates (23). The contribution of each Brodmann

10.3389/fneur.2025.1533099

area in each channel was determined based on the MNI

coordinate outputs.

2.4 Preprocessing and analyzing of fNIRS
data

fNIRS data were analyzed using NirSpark (Danyang Huichuang
Medical Equipment Co., Ltd., China). The following pre-processing
was performed on the fNIRS data. First, interference cycles and
pseudo-signals were eliminated, and light intensity was converted to
optical density. Second, a Butterworth band-pass filter of 0.01-0.2 Hz
was used to eliminate slow drift and cardiac pulsation. Third, optical
density was converted to blood oxygen concentration. Finally, “0-45 s”
was set as the block paradigm time for the hemodynamic response
function (HRF), and “-2-0 s” was set to retain the baseline state. The
blood oxygen concentrations of the three block paradigms were
superimposed and averaged to obtain the block average results. For
each pre-processed experimental data, a general linear model (GLM)
was used to perform individual-level analysis for each channel. Next,
the HbO, concentration between the rest period and the taste
stimulation period was compared using a single-sample t-test and
significance threshold setting for each channel, and the false discovery
rate (FDR) correction was performed. When the p-value of a channel
is less than 0.05, it indicates that there is a significant difference in
HbO, concentration between the rest period and the taste stimulation
period, suggesting that the cortical area of that channel is activated.

To explore the mechanism of post-stroke dysphagia, we used
functional connectivity analysis to observe the whole-brain functional
connectivity of post-stroke dysphagia patients during the taste
stimulation task. In the network module of the NirSpark software
package, the relative changes in HbO, concentration during the entire
experiment were extracted for functional connectivity analysis. The
Pearson correlation coefficient of HbO, concentration in each channel
was analyzed on the time series. Then, Fisher Z transformation was
performed, and the transformed values were defined as the strength
of functional connectivity between channels. FDR-adjusted p-values
are reported for all connectivity results.

3 Results
3.1 Study population

A total of 15 patients (8 males and 7 females) participated in our
study, and they were all included in the analysis. Their average age was
69 + 9.43 years, with a PAS score of 5.87 + 1.20 points and an average
disease course of 2.47 + 1.31 months. The basic characteristics of each
post-stroke dysphagia patient are shown in Table 1.

Baseline Rest Acid stimulation Rest

Acid stimulation Rest Acid stimulation

10s 15s 30s 15s

FIGURE 1
The experimental procedure.

30s 15s 30s
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The placement of the probes.
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TABLE 1 Characteristics of patients with post-stroke dysphagia.

Patients Age (years) Gender Duration after Stroke type PAS score
onset (months)

1 80 Female 3 Ischemic 5

2 60 Female 5 Ischemic 5

3 62 Male 1 Ischemic 8

4 74 Male 1 Ischemic 5

5 80 Male 1 Hemorrhage 6

6 76 Male 4 Ischemic 7

7 79 Female 4 Ischemic 6

8 63 Male 1 Ischemic 6

9 50 Female 2 Hemorrhage 8

10 58 Male 4 Hemorrhage 4

11 72 Male 3 Ischemic 6

12 75 Male 1 Ischemic 4

13 69 Female 3 Hemorrhage 7

14 76 Female 2 Ischemic 6

15 53 Female 3 Ischemic 5

All 69 +£9.43 - 247 +1.31 - 5.87 £1.20
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3.2 Cortical activation under acidic taste
stimulation

Figure 3 shows the activation areas of the cerebral cortex in
subjects during the taste stimulation task. Figure 3a shows that the
activation area was quite limited under the tasteless pure water
stimulation, with mild activation in the Dorsolateral Prefrontal
Cortex (DLPFC) and Frontopolar area (p =0.035). However,
Figure 3b shows that under acidic taste stimulation, multiple areas
of the cerebral cortex showed widespread activation, including the
DLPFC (p = 0.01), Pre-Motor and Supplementary Motor Cortex
(PSMC) (p =0.003), and Primary Somatosensory Cortex (PSC)
(p =0.02). Figure 3c shows that compared with the non-taste
condition (pure water), acidic taste stimulation significantly
activated the PSMC area (p <0.05). Supplementary Table 2
compares the activation of the cerebral cortex during the taste
stimulation task between the tasteless condition group and the acid
stimulation group based on the p values. The acid stimulation
group had significantly higher B values in 2 channels than the
tasteless condition group (p = 0.01, p = 0.03). The multi-channel
values shown in

for the two groups of subjects are

Supplementary Table 2.

3.3 Functional connectivity strength

Figures 4a,b represent the average functional connectivity
strength between cortical channels under tasteless stimulation
(water) and acidic taste stimulation, respectively. The average brain
functional network connectivity strength under acidic taste
stimulation was higher than under tasteless. The average functional
connectivity strength under tasteless stimulation (water) was
0.249 + 0.142, and under acidic taste stimulation, it was 0.337 + 0.134
(p=0.03). Raw and FDR-corrected p-values in Supplementary
Table 3.

10.3389/fneur.2025.1533099

4 Discussion

4.1 The impact of acidic taste stimulation
on cortical activation in stroke patients

Taste information is initially formed in the taste buds on the
tongue, travels through the afferent gustatory nerves to the sensory
ganglion neurons, and finally reaches the multiple taste centers of the
brain (Brainstem solitary nucleus) (24). Our aim was to observe the
changes in hemodynamic signals and brain functional connectivity in
stroke patients with dysphagia during acidic taste stimulation using
NIRS, and to further explore the mechanism of post-stroke dysphagia.
This study found that acidic taste stimulation significantly activated
multiple brain areas related to swallowing, especially the DLPFC,
PSMC, and PSC. Previous studies have shown increased cerebral
blood flow activity in S1, anterior cingulate cortex, insula, SMA,
inferior frontal gyrus, and inferior parietal lobule during sour taste
stimulation (25). This study also observed that compared with pure
water stimulation, the PSMC area was significantly activated under
acidic taste stimulation, while pure water stimulation activated a
smaller area of the cortex, with only mild activation in the DLPFC and
Frontopolar area. This finding is consistent with previous studies (26),
indicating the potential importance of taste stimulation in the
recovery of swallowing function. Sour taste requires higher sensory
processing, swallowing reflex, and physiological response, involving
the comprehensive action of brain areas including sensation,
movement, and regulation (27). Pure water stimulation is milder and
mainly activates the prefrontal areas related to cognitive control
through a more basic sensory experience, so the activated area is
smaller and the activation degree is lower (28). Sour taste may
promote the initiation of swallowing reflex and saliva secretion,
thereby improving swallowing ability (9). Understanding this
mechanism provides a new therapeutic approach for clinics, indicating
that sour taste stimulation may become an important auxiliary means
for the rehabilitation of post-stroke dysphagia.

FIGURE 3

The cerebral cortex activation map during performance of stimulation task based on beta values (group-average map). (a) Significantly activated
channels in the tasteless pure water stimulation group. (b) Significantly activated channels in the acidic taste stimulation group. (c) Comparison of brain
activation levels between pure water stimulation and acid stimulation. Only the areas corresponding to the significantly activated channels were
shown. The color gradient on the right represents the p-value. p < 0.05 for significant activation. The redder the color, the smaller the p-value.
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FIGURE 4

the beta values.

The average functional connectivity strength based on HbO.. (a) Correlation coefficients matrix between channels in the tasteless pure water
stimulation group; (b) correlation coefficients matrix between channels in the acidic taste stimulation group. The color gradient on the right represents

The study also showed that the connection strength between
DLPFC and PSMC under sour taste stimulation was significantly
enhanced. This enhanced connectivity not only reflects more effective
information transfer and neural network collaboration but also
indicates that in stroke patients, rehabilitation training for dysphagia
can consider combining taste stimulation to promote the recovery of
brain function. This non-invasive intervention method is safer and
more acceptable compared to drug treatment and surgical methods,
opening up a new direction for clinical application.

4.2 The significance of functional
connectivity

The role of functional connectivity in neurorehabilitation is
increasingly valued, and this study further explores the impact of sour
taste stimulation on the brain functional connectivity of stroke
patients. The results show that sour taste stimulation significantly
enhances the connection strength between DLPFC and PSMC. This
finding indicates that local brain damage in stroke patients may lead
to a decrease in neural network connectivity, thereby affecting their
coordination ability and efficiency during swallowing. Previous
studies (29, 30) have explored the functional connectivity of cortical
networks during swallowing tasks, but they did not observe post-
stroke dysphagia patients. Choi and Pyun (31) and others have
demonstrated through fMRI that the brains of patients with chronic
dysphagia have functional connections, and dysphagia may be a series
of neurobiological manifestations caused by changes in the functional
connections of brain structures related to swallowing. Babaei et al.
(32) found that some subjects showed a connection advantage in the
right hemisphere of the brain, while others had higher functional
connectivity in the left primary motor cortex. Wen et al. (33) observed
the brain structural functional connections between post-stroke
dysphagia patients and healthy subjects during voluntary swallowing
through fNIRS and found that the average functional connectivity of

Frontiers in Neurology

the cortical network in healthy individuals was stronger than in stroke
patients. No studies have yet revealed the cortical connection strength
of stroke patients under sour taste stimulation, and our study fills
this gap.

This research result has important clinical significance, indicating
that in the rehabilitation process, we should not only focus on the
clinical symptoms of patients but also pay attention to the overall
functional state of the brain network. Enhancing these connections,
especially the connection between DLPFC and PSMC, may be an
important way to improve swallowing function. In addition, the sour
taste stimulation mentioned in the study, as a non-invasive
intervention method, provides new ideas for rehabilitation treatment.
The application of this method can activate related brain areas,
promote neural plasticity, and help patients recover damaged
neural functions.

In future studies, more systematic and comprehensive
rehabilitation strategies can be explored, combining various
intervention methods such as exercise training, cognitive training, and
taste stimulation to enhance the functional connectivity of patients’
brains. Through interdisciplinary cooperation, researchers can design
more effective rehabilitation plans, not only focusing on a single
treatment method but through multi-dimensional interventions to
improve the overall rehabilitation effects of patients. For example,
combining traditional physical therapy with new neurofeedback
training, using modern technology to monitor patients’ brain activity,
and providing data support for the formulation of personalized
rehabilitation plans.

4.3 Clinical application potential of sour
taste stimulation

Considering the results of this study, sour taste stimulation, as

a potential treatment method, has the possibility of being widely
applied in the rehabilitation of stroke patients. By increasing sour
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foods in patients’ daily diets or using specially designed sour taste
stimulation tools, a simple and feasible rehabilitation method can
be provided for patients (34). This method not only aims to
improve patients’ swallowing function but also may significantly
improve patients’ overall quality of life by enhancing the dining
experience (35). Studies have shown that appropriate sour taste
stimulation can activate saliva secretion, promote appetite, help
patients adapt to diets better, and reduce the risk of malnutrition
due to swallowing difficulties (36).

However, when applying sour taste stimulation in clinical practice,
it is necessary to be cautious about the individual differences among
different patients. Some patients may have significant differences in
the perception and acceptance of sour taste, and even have different
preferences or discomfort reactions to sour taste (37). Therefore, in
the implementation process, individualized adjustments should
be made according to the specific situation of each patient to ensure
its effectiveness and safety. This includes assessing patients” dietary
habits, taste preferences, and physical reactions to formulate a sour
taste stimulation plan suitable for their personal needs. In addition,
the medical team should regularly monitor patients’ reactions and
adjust the intensity and method of stimulation in a timely manner to
achieve the best rehabilitation effect. Through this comprehensive
personalized strategy, the medical team can not only improve patients’
swallowing ability but also effectively improve patients’ overall
treatment experience, providing more comprehensive support for the
patient’s rehabilitation journey.

5 Study limitations

Although this study provides important preliminary evidence, it
also has some limitations. Firstly, the sample size is relatively small, with
only 15 stroke patients, which may limit the statistical power and
generalizability of the study results. Future research should expand the
sample size to improve the generalizability and reliability of the findings,
and conduct multiple independent repeated experiments to ensure the
robustness and consistency of the results, thereby enhancing the
statistical power. Second, this study only explored the effects of sour taste
stimulation, and future studies can further explore the impact of other
taste stimulations (such as sweet, bitter, salty, etc.) on stroke patients with
dysphagia to determine the most effective taste stimulation method.

In addition, this study did not delve into the specific neural
mechanisms. How taste stimulation affects neural plasticity, neural
conduction, and information processing in the brain still needs
further research. Understanding these mechanisms will not only help
optimize treatment plans but also provide a foundation for future
related research.

6 Conclusion

This study provides preliminary evidence that sour taste
stimulation can significantly activate brain areas related to
swallowing and enhance their functional connectivity. This
finding provides new ideas for the rehabilitation of stroke patients,
suggesting that taste stimulation as a potential non-invasive
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intervention method is worth further exploration and application
in clinical practice. Future studies should further explore these
mechanisms to optimize treatment plans for dysphagia and
improve patients’ quality of life.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Ethics statement

The studies involving humans were approved by Ningbo
Rehabilitation Hospital. The studies were conducted in accordance
with the local legislation and institutional requirements. The
participants provided their written informed consent to participate in
this study. Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable images
or data included in this article.

Author contributions

JK: Conceptualization, Data curation, Formal analysis, Writing —
original draft. JL: Conceptualization, Investigation, Methodology,
Writing - original draft. MG: Formal analysis, Investigation, Writing —
review & editing. SG: Conceptualization, Data curation, Formal
analysis, Writing - original draft. XHL: Investigation, Software,
Supervision, Writing - review & editing. XJL: Conceptualization, Data
curation, Investigation, Writing - original draft. LT: Formal analysis,
Investigation, Methodology, Writing - original draft. YJ: Formal
analysis, Investigation, Methodology, Writing - original draft. YW:
Formal analysis, Funding acquisition, Methodology, Writing -
original draft, Writing - review & editing. MT: Funding acquisition,
Project administration, Validation, Writing - original draft, Writing -
review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by Jiangxi Province 2023 graduate student innovation
special fund (number: YC2023-5934), Ningbo Key Research and
Development Plan Project (number: 2023Z173), and Ningbo City
Science and Technology Program (number: 2024S036).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fneur.2025.1533099
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Kang et al.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

1. Martino R, Foley N, Bhogal S, Diamant N, Speechley M, Teasell R. Dysphagia after
stroke: incidence, diagnosis, and pulmonary complications. Stroke. (2005) 36:2756-63.
doi: 10.1161/01.STR.0000190056.76543.eb

2. Wang Y, Xu L, Wang L, Jiang M, Zhao L. Effects of transcutaneous neuromuscular
electrical stimulation on post-stroke dysphagia: a systematic review and Meta-analysis.
Front Neurol. (2023) 14:1163045. doi: 10.3389/fneur.2023.1163045

3. Cui Q, Wei B, He Y, Zhang Q, Jia W, Wang H, et al. Findings of a videofluoroscopic
swallowing study in patients with dysphagia. Front Neurol. (2023) 14:1213491. doi:
10.3389/fneur.2023.1213491

4. Matsuo K, Palmer JB. Anatomy and physiology of feeding and swallowing: Normal
and abnormal. Phys Med Rehabil Clin N Am. (2008) 19:691-707. doi:
10.1016/j.pmr.2008.06.001

5. Zhang Z, Yan L, Xing X, Zhu L, Wu H, Xu S, et al. Brain activation site of laryngeal
elevation during swallowing: an Fmri study. Dysphagia. (2023) 38:268-77. doi:
10.1007/s00455-022-10464-y

6. Toogood JA, Smith RC, Stevens TK, Gati JS, Menon RS, Theurer J, et al. Swallowing
preparation and execution: insights from a delayed-response functional magnetic
resonance imaging (Fmri) study. Dysphagia. (2017) 32:526-41. doi:
10.1007/500455-017-9794-2

7. Mihai PG, Otto M, Domin M, Platz T, Hamdy S, Lotze M. Brain imaging correlates
of recovered swallowing after Dysphagic stroke: a Fmri and Dwi study. Neurolmage
Clinical. (2016) 12:1013-21. doi: 10.1016/j.nicl.2016.05.006

8. Galovic M, Leisi N, Pastore-Wapp M, Zbinden M, Vos SB, Mueller M, et al.
Diverging lesion and connectivity patterns influence early and late swallowing recovery
after hemispheric stroke. Hum Brain Mapp. (2017) 38:2165-76. doi: 10.1002/hbm.23511

9. Regan J. Impact of sensory stimulation on Pharyngo-esophageal swallowing
biomechanics in adults with dysphagia: a high-resolution Manometry study. Dysphagia.
(2020) 35:825-33. doi: 10.1007/s00455-019-10088-9

10. Mulheren RW, Kamarunas E, Ludlow CL. Sour taste increases swallowing and
prolongs hemodynamic responses in the cortical swallowing network. ] Neurophysiol.
(2016) 116:2033-42. doi: 10.1152/jn.00130.2016

11. BuL, Wu Y, Yan Q, Tang L, Liu X, Diao C, et al. Effects of physical training on brain
functional connectivity of methamphetamine dependencies as assessed using functional near-
infrared spectroscopy. Neurosci Lett. (2020) 715:134605. doi: 10.1016/j.neulet.2019.134605

12. Yang M, Yang Z, Yuan T, Feng W, Wang P. A systemic review of functional near-
infrared spectroscopy for stroke: current application and future directions. Front Neurol.
(2019) 10:58. doi: 10.3389/fneur.2019.00058

13. Kern MK, Jaradeh S, Arndorfer RC, Shaker R. Cerebral cortical representation of
reflexive and volitional swallowing in humans. Am ] Physiol Gastrointest Liver Physiol.
(2001) 280:G354-60. doi: 10.1152/ajpgi.2001.280.3.G354

14. Martin RE, Mac Intosh BJ, Smith RC, Barr AM, Stevens TK, Gati JS, et al. Cerebral
areas processing swallowing and tongue movement are overlapping but distinct: a
functional magnetic resonance imaging study. ] Neurophysiol. (2004) 92:2428-43. doi:
10.1152/jn.01144.2003

15. Liao LD, Tsytsarev V, Delgado-Martinez I, Li ML, Erzurumlu R, Vipin A, et al.
Neurovascular coupling: in vivo optical techniques for functional brain imaging. Biomed
Eng. (2013) 12:38. doi: 10.1186/1475-925x-12-38

16. Almajidy RK, Mankodiya K, Abtahi M, Hofmann UG. A newcomer's guide to
functional near infrared spectroscopy experiments. IEEE Rev Biomed Eng. (2020)
13:292-308. doi: 10.1109/rbme.2019.2944351

17. Villringer A, Planck ], Hock C, Schleinkofer L, Dirnagl U. Near infrared
spectroscopy (Nirs): a new tool to study hemodynamic changes during activation of
brain function in human adults. Neurosci Lett. (1993) 154:101-4. doi:
10.1016/0304-3940(93)90181-j

18. Matsumoto T, Saito K, Nakamura A, Saito T, Nammoku T, Ishikawa M, et al.
Dried-Bonito aroma components enhance salivary hemodynamic responses to broth
tastes detected by near-infrared spectroscopy. ] Agric Food Chem. (2012) 60:805-11. doi:
10.1021/jf203725r

Frontiers in Neurology

10.3389/fneur.2025.1533099

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2025.1533099/
full#supplementary-material

19. Sato H, Obata AN, Moda I, Ozaki K, Yasuhara T, Yamamoto Y, et al. Application
of near-infrared spectroscopy to measurement of hemodynamic signals accompanying
stimulated saliva secretion. J Biomed Opt. (2011) 16:047002. doi: 10.1117/1.3565048

20. Mistry S, Rothwell JC, Thompson DG, Hamdy S. Modulation of human cortical
swallowing motor pathways after pleasant and aversive taste stimuli. Am J Physiol
Gastrointest Liver Physiol. (2006) 291:G666-71. doi: 10.1152/ajpgi.00573.2005

21. Oostenveld R, Praamstra P. The five percent electrode system for high-resolution
Eeg and Erp measurements. Clin Neurophysiol. (2001) 112:713-9. doi:
10.1016/s1388-2457(00)00527-7

22.Chen'Y, Cao Z, Mao M, Sun W, Song Q, Mao D. Increased cortical activation and
enhanced functional connectivity in the prefrontal cortex ensure dynamic postural
balance during dual-task obstacle negotiation in the older adults: a Fnirs study. Brain
Cogn. (2022) 163:105904. doi: 10.1016/j.bandc.2022.105904

23. Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, Rainey L, et al.
Automated Talairach atlas labels for functional brain mapping. Hum Brain Mapp. (2000)
10:120-31. doi: 10.1002/1097-0193(200007)10:3<120::aid-hbm30>3.0.c0;2-8

24. Park GY, Hwang H, Choi M. Advances in optical tools to study taste sensation.
Mol Cells. (2022) 45:877-82. doi: 10.14348/molcells.2022.0116

25. Humbert IA, Joel S. Tactile, gustatory, and visual biofeedback stimuli modulate
neural substrates of deglutition. Neurolmage. (2012) 59:1485-90. doi:
10.1016/j.neuroimage.2011.08.022

26. Babaei A, Kern M, Antonik S, Mepani R, Ward BD, Li §J, et al. Enhancing effects
of flavored nutritive stimuli on cortical swallowing network activity. Am ] Physiol
Gastrointest Liver Physiol. (2010) 299:G422-9. doi: 10.1152/ajpgi.00161.2010

27. Liberati A, Altman DG, Tetzlaff ], Mulrow C, Getzsche PC, loannidis JP, et al. The
prisma statement for reporting systematic reviews and meta-analyses of studies that
evaluate healthcare interventions: explanation and elaboration. BM]J Clin Res Ed. (2009)
339:b2700. doi: 10.1136/bmj.b2700

28.Kang ], LuJ, Gong S, Yu Y, Gu M, Wu §, et al. Change of cerebral hemodynamic
signals during the process of swallowing water, acetic acid solution and salt solution in
healthy adults: an Fnirs study. J Integr Neurosci. (2024) 23:162. doi: 10.31083/.jin2309162

29. Mosier K, Bereznaya L. Parallel cortical networks for volitional control of
swallowing in humans. Exp Brain Res. (2001) 140:280-9. doi: 10.1007/s002210100813

30. Lowell SY, Reynolds RC, Chen G, Horwitz B, Ludlow CL. Functional connectivity
and laterality of the motor and sensory components in the volitional swallowing
network. Exp Brain Res. (2012) 219:85-96. doi: 10.1007/s00221-012-3069-9

31.Choi S, Pyun SB. Repetitive transcranial magnetic stimulation on the
supplementary motor area changes brain connectivity in functional dysphagia. Brain
Connect. (2021) 11:368-79. doi: 10.1089/brain.2020.0818

32.Babaei A, Ward BD, Siwiec RM, Ahmad S, Kern M, Nencka A, et al. Functional
connectivity of the cortical swallowing network in humans. Neurolmage. (2013)
76:33-44. doi: 10.1016/j.neuroimage.2013.01.037

33. Wen X, Peng J, Zhu Y, Bao X, Wan Z, Hu R, et al. Hemodynamic signal changes
and functional connectivity in acute stroke patients with dysphagia during volitional
swallowing: a pilot study. Med Phys. (2023) 50:5166-75. doi: 10.1002/mp.16535

34. Lee KL, Kim DY, Kim WH, Kim EJ, Lee WS, Hahn SJ, et al. The influence of sour
taste on dysphagia in brain injury: blind study. Ann Rehabil Med. (2012) 36:365-70. doi:
10.5535/arm.2012.36.3.365

35. Bozorgi C, Holleufer C, Wendin K. Saliva secretion and swallowing-the impact of
different types of food and drink on subsequent intake. Nutrients. (2020) 12. doi:
10.3390/nu12010256

36. Pefla-Chavez RE, Schaen-Heacock NE, Hitchcock ME, Kurosu A, Suzuki R, Hartel
RW, et al. Effects of food and liquid properties on swallowing physiology and function
in adults. Dysphagia. (2023) 38:785-817. doi: 10.1007/s00455-022-10525-2

37.Pelletier CA, Dhanaraj GE. The effect of taste and palatability on
lingual swallowing pressure. Dysphagia. (2006) 21:121-8. doi: 10.1007/s00455-
006-9020-0

frontiersin.org


https://doi.org/10.3389/fneur.2025.1533099
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2025.1533099/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2025.1533099/full#supplementary-material
https://doi.org/10.1161/01.STR.0000190056.76543.eb
https://doi.org/10.3389/fneur.2023.1163045
https://doi.org/10.3389/fneur.2023.1213491
https://doi.org/10.1016/j.pmr.2008.06.001
https://doi.org/10.1007/s00455-022-10464-y
https://doi.org/10.1007/s00455-017-9794-2
https://doi.org/10.1016/j.nicl.2016.05.006
https://doi.org/10.1002/hbm.23511
https://doi.org/10.1007/s00455-019-10088-9
https://doi.org/10.1152/jn.00130.2016
https://doi.org/10.1016/j.neulet.2019.134605
https://doi.org/10.3389/fneur.2019.00058
https://doi.org/10.1152/ajpgi.2001.280.3.G354
https://doi.org/10.1152/jn.01144.2003
https://doi.org/10.1186/1475-925x-12-38
https://doi.org/10.1109/rbme.2019.2944351
https://doi.org/10.1016/0304-3940(93)90181-j
https://doi.org/10.1021/jf203725r
https://doi.org/10.1117/1.3565048
https://doi.org/10.1152/ajpgi.00573.2005
https://doi.org/10.1016/s1388-2457(00)00527-7
https://doi.org/10.1016/j.bandc.2022.105904
https://doi.org/10.1002/1097-0193(200007)10:3<120::aid-hbm30>3.0.co;2-8
https://doi.org/10.14348/molcells.2022.0116
https://doi.org/10.1016/j.neuroimage.2011.08.022
https://doi.org/10.1152/ajpgi.00161.2010
https://doi.org/10.1136/bmj.b2700
https://doi.org/10.31083/j.jin2309162
https://doi.org/10.1007/s002210100813
https://doi.org/10.1007/s00221-012-3069-9
https://doi.org/10.1089/brain.2020.0818
https://doi.org/10.1016/j.neuroimage.2013.01.037
https://doi.org/10.1002/mp.16535
https://doi.org/10.5535/arm.2012.36.3.365
https://doi.org/10.3390/nu12010256
https://doi.org/10.1007/s00455-022-10525-2
https://doi.org/10.1007/s00455-006-9020-0
https://doi.org/10.1007/s00455-006-9020-0

	Cerebral hemodynamics and functional connectivity changes in stroke patients with dysphagia under acidic taste stimulation: a preliminary study
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Activation task
	2.3 Measurement of fNIRS
	2.4 Preprocessing and analyzing of fNIRS data

	3 Results
	3.1 Study population
	3.2 Cortical activation under acidic taste stimulation
	3.3 Functional connectivity strength

	4 Discussion
	4.1 The impact of acidic taste stimulation on cortical activation in stroke patients
	4.2 The significance of functional connectivity
	4.3 Clinical application potential of sour taste stimulation

	5 Study limitations
	6 Conclusion

	References

