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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: Functional near-infrared spectroscopy (fNIRS), 

as an emerging non-invasive brain imaging technique, provides 
new perspectives to study the functional brain connectivity in 
Post stroke dysphagia (PSD) patients.

Objective: Using the fNIRS technique to observe and compare 
the differences in brain network functional connectivity and 
activation between healthy subjects and PSD patients during the 
performance of a swallowing task and provide new insights into 
the mechanisms and treatment of PSD.

Methods: A total of 26 healthy volunteers (Healthy control, 
HC) and 53 PSD patients were enrolled in this study, then PSD 
patients were then divided into two groups: PSD hemorrhagic 
(PSD(H)) group and PSD ischemic (PSD(I)). The fNIRS 
technique was used to collect the swallowing task state data. 
Brain regions closely related to swallowing function were 
selected as regions of interest (ROI). The strength of brain 
network functional connectivity and the degree of brain 
area activation in the swallowing task were analysed in each 
group, and correlation analyses and ROC curve analyses were 
performed with clinical assessment indicators.

Results: The PSD group showed a significant reduction 
(p<0.05) in brain network functional connectivity strength in 
swallowing-related brain regions compared to the HC group, 
and there was no significant difference between the PSD(H) 
and PSD(I) group. On specific channels, the PSD group showed 
a significant reduction (p<0.05) in brain network functional 
connectivity strength compared to the HC group. Furthermore, 
the strength of swallowing-related cortical brain functional 
connectivity was correlated with swallowing function severity 
in PSD patients. The critical value of the functional connectivity 
is expected to be an indicator for assessing whether PSD patients 
are dependent on tube feeding.

Conclusion: The present study reveals diminished functional 
connectivity and abnormal activation patterns of brain 
networks in PSD patients during a swallowing task, providing 
new evidence for the mechanisms of PSD and potential 
neuromodulatory targets.

Key words. Stroke, dysphagia, functional near-infrared 
spectroscopy, brain network functional connectivity.
Introduction.

According to statistics, 50-80% of stroke patients suffer 
from various degrees of swallowing dysfunction [1,2]. Post 
stroke dysphagia (PSD) not only prolongs the hospital stay 
and increases medical costs but also may lead to serious 

complications such as malnutrition, dehydration, aspiration 
pneumonia, etc., which significantly increase the morbidity, 
mortality, and re-admission rates of patients [3]. In addition, 
PSD has a serious impact on the quality of patients' daily life, 
which brings heavy psychological and economic burdens to 
patients and their families. The mechanism of PSD has not 
been fully elucidated, and the current treatments include, but 
are not limited to, conventional swallowing training, motor-
behavioural therapy, catheter balloon dilatation, traditional 
Chinese medicine, physical factor therapy, and non-invasive 
neuromodulation techniques [4], which can achieve certain 
therapeutic effects but often encounter bottlenecks. Therefore, 
in-depth investigation of the mechanism of PSD and searching 
for potential intervention targets are of great significance to 
improve the clinical efficacy of PSD.

Functional near-infrared spectroscopy (fNIRS), as a novel 
non-invasive neurological detection technique, can monitor 
real-time changes in cerebral cortex oxyhemoglobin (HbO2) 
and reduced hemoglobin (HbR) changes in the cerebral cortex, 
indirectly reflecting local changes in brain functional activity 
[5]. Compared with functional magnetic resonance imaging 
(fMRI), fNIRS has obvious advantages in terms of device 
portability, operability, low cost and high temporal resolution 
[6,7]. In recent years, fNIRS has been widely used in the field of 
stroke rehabilitation research, especially in cognitive and speech 
functions, but relatively few studies have been conducted on 
PSD, which suggests that the potential for the application of 
fNIRS in the field of PSD has not been fully explored [8].

The aim of this study was to investigate the differences in 
brain network functional connectivity strength and brain area 
activation strength between PSD patients and healthy controls 
during the performance of swallowing tasks using fNIRS 
technology, to provide new ideas for the exploration of the 
rehabilitation mechanism and the selection of neuromodulation 
targets for PSD patients.
Materials and Methods.

Participants: This observational study aimed to investigate 
the neural mechanisms of PSD, which was filed through 
the China Clinical Trial Registry (registration number: 
ChiCTR2400083503) and approved by the Medical Ethics 
Committee of the Affiliated Hospital of Chuanbei Medical 
College (approval number: 2024ER9-1). All participants 
signed a written informed consent form before participating in 
the study. The research team strictly followed the established 
inclusion and exclusion criteria to ensure the rigour of the study 
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and the accuracy of the data. The study population was divided 
into two groups: healthy adults as the control group (Healthy 
control, HC), and patients with PSD as the experimental group.
Screening criteria for healthy controls (HC).

Inclusion criteria:
(1)Age ≥ 18 years.
(2)No significant visual or hearing impairment.
(3)A score of 27 or more on the Mini-Mental State Examination 

(MMSE).
Exclusion criteria:

(1)Past or present diagnosis of gastro-oesophageal reflux, 
abnormal laryngeal sensation, dysphagia, oral motor 
dysfunction, neurological dysfunction.

(2)Previous or current diagnosis of brain injury, epilepsy, neck 
injury, mental illness, etc.
Screening criteria for patients with PSD.

Inclusion criteria:
(1)Stroke is diagnosed by computed tomography (CT) or 

magnetic resonance imaging (MRI) [9].
(2)The first onset of the disease is between 2 weeks and 6 

months.
(3)Age ≥ 18 years.
(4)The presence of swallowing dysfunction was confirmed by 

Flexible Endoscopic Evaluation of Swallowing (FEES).
Exclusion criteria:

(1)Swallowing dysfunction caused by other neurological 
disorders, including Parkinson's disease, Alzheimer's disease, 
motor neurone disease, craniocerebral trauma, and cerebellar or 
brainstem strokes.

(2)Pregnancy status.
(3)Vital signs are unstable or in the acute phase of the disease.
(4)Insufficient cognitive functioning to cooperate with the 

FEES, fNIRS examination and swallowing scale assessment.
Measurement tasks and implementation methods.

Prior to the assessment, basic information of all subjects was 
collected, including name, gender, age at baseline, symptoms, 
time of onset, stroke site, current medical history, past 
medical history, family history of genetic disorders, previous 
treatments, imaging findings and medications. Swallowing 
function assessment of patients with PSD: The assessment was 
performed by using the FEES, the standardised swallowing 
assessment (SSA) and functional oral intake scale (FOIS).

FESS is an important clinical modality for assessing swallowing 
function, and together with the videofluroscopic swallowing 
study (VFSS), it is considered the "gold standard" for clinical 
assessment of swallowing function [10]. The FEES can provide 
a better view of the pharynx and secretion retention by allowing 
patients to swallow food pellets of different viscosities and has a 
high sensitivity for residue detection, and can observe the speed 
of swallowing initiation, pharyngeal residue after swallowing, 
the ability to remove food pellets, and the degree of aspiration.

SSA:
The SSA has been shown to have high specificity, sensitivity, 

good validity and reliability and is suitable for clinical application 

[11]. The scale is divided into 3 parts: clinical examination, 5 
mL water swallow test (repeated 3 times), and 60 mL water one-
time swallow test. The total SSA score ranges from 18 to 46, 
with higher scores indicating poorer swallowing function.
FOIS:

According to the patient's eating situation, FOIS classifies 
swallowing function into grades 1 to 7, with higher scores 
having better swallowing function, and grade 7 indicating 
complete oral feeding without restriction [12].
fNIRS task state acquisition:

In this study, the 63-channel fNIRS imaging device NirSmart 
(NirScan Danyang Huichuang Medical Equipment Co. 
Ltd., China) was used to acquire data from subjects in the 
swallowing task state. The right motor cortex (RMC) left 
motor cortex (LMC), right sensory cortex (RSC), left sensory 
cortex (LSC), right supplementary motor area (RSMA), Left 
supplementary motor area (LSMA), Right prefrontal cortex 
(RPFC), Left prefrontal cortex (LPFC) and Left prefrontal 
cortex (LPFC) as regions of interest (ROI) (Figure 1A) [13]. 
Prior to the measurements, all subjects were trained to perform 
the swallowing task correctly and were aware of the need to 
sit relaxed and still, avoid moving and thinking, and ensure 
that there were no other non-instructional movements during 
the measurements. Upon entering the fNIRS assessment 
room, subjects sat comfortably for 5 min before putting on the 
fNIRS head cap and completing the swallowing task of either 
imagining a drink of water or performing a drink of water. the 
task paradigm was designed in a block format (5 swallowing 
actions and 5 resting task blocks), with each task block lasting 
35s. There was a 10s preparation time at the beginning of the 
task to ensure data stability, and a total of 175 s was required to 
complete the task. the specific paradigm See Figure 1B.
fNIRS data processing:

The fNIRS swallowing task state data preprocessing was run 
using the NirSpark toolkit software, with the signal standard 
deviation threshold set to 6 and the peak threshold set to 0.5, 
and motion artefacts were identified and removed using spline 
interpolation. General noise including heartbeat, respiration, 
and Mel waves were filtered using bandpass filtering at 0.01-
0.1 Hz. The path difference factor was set to -6-6, and the real-
time concentration changes of HbO2 and HbR in the task state 
of the subjects were calculated according to the modified Beer-
Lamber law, and the HbO2 with a better signal-to-noise ratio 
was used as the main index in this study [14].

Changes in cortical HbO2 concentration in subjects at each time 
point were extracted in the Network module of NirSpark and 
analysed for Pearson's correlation coefficients of HbO2 levels 
in each channel on the time series. The FisherZ transformation 
was then performed, and the transformed values were defined 
as the strength of functional connectivity between channels. 
Block average analysis, linear correction and eigenvalue 
(mean) analysis were performed in the BlockAvg module of 
NirSpark for the imagined drinking or water task to calculate 
the change in blood oxygen concentration for a single channel 
over that time window. The degree of correlation between the 
blood oxygen change and the temporal task was analysed using 
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a general linear model (GLM), and the matrix was designed 
using the hemodynamic response function (HRF) as the basis 
function, removing the baseline drift, and short-term correlation 
of high-frequency noises, such as heartbeat and respiration, was 
correction, and defining the transformed value as the degree of 
activation of the channel.
Statistical analyses:

Statistical analyses were performed using SPSS 27.0 (IBM 
Corp., NY, USA). Graphs were generated using the NirSpark 
package, GraphPad PRISM Version 8.0.1 (GraphPad Software 
- San Diego, CA, USA) software. Descriptive statistics were 

presented as mean±standard deviation ( ± s) or median 
(interquartile range), i.e., Md (P25, P75).; Comparisons of 
general information, brain network functional connectivity and 
brain region activation among the 4 groups were performed 
using one-way analysis of variance (One-way ANOVA), non-
parametric Kruskal-Wallis test with Dunn’s post-hoc test. 
Correlation analysis was performed using Spearman's method, 
with a significance threshold of p<0.05. Finally, ROC curves 
were plotted, and the area under the curve, sensitivity and 
specificity were calculated, with the functional connectivity 
strength corresponding to the maximum Yoden's index as the 
optimal threshold value. The flow chart is shown in Figure 2.

Figure 1. (A) Correspondence between fNIRS acquisition headcaps and brain networks. (B) Imaging the drinking /drinking water task paradigm. 
RMC: Right Motor Cortex; LMC: Left Motor Cortex; RSC: Right Sensory Cortex; LSC: Left Sensory Cortex; RSMA: Right Supplementary Motor 
Area; LSMA: Left Motor Cortex; LMC: Left Motor Cortex; RSC: Right Sensory Cortex; LSC: Left Sensory Cortex; RSMA: Right Supplementary 
Motor Area; LSMA: Left RSMA: Right Supplementary Motor Area; LSMA: Left Supplementary Motor Area; Right Prefrontal Cortex: RPFC; Left 
Prefrontal Cortex: LPFC.

Figure 2. The flowchart for the data analysis. HC group: Healthy control group. PSD group: Post Stroke Dysphagia group. PSD(H): PSD 
Hemorrhagic group; PSD(I): PSD Ischemic group.
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Results.
Demographic and clinical characteristics:

A total of 29 healthy adult subjects and 58 patients with 
PSD were recruited for fNIRS data acquisition. 3 healthy 
adult subjects and 5 patients with PSD were excluded due to 
excessive subject motion tailing and signal quality. Twenty-
six healthy adult subjects and 53 PSD patients were finally 
included, and the PSD group was divided into PSD(H) group 
and PSD(I) group according to the etiology. Compared with 
the HC group, there were no significant differences in age and 
gender in the PSD group (p>0.05); compared with the PSD(H) 
group, there were no statistically significant differences in age, 
gender, stroke site (left/right), SSA score and FOIS score in the 
PSD(I) group (p>0.05, see Table 2).
Characteristics and differences in average functional 
connectivity strength of brain networks:

Compared with the HC group (Mean=0.467, SD=0.170), the 
mean functional connectivity strength of the brain networks of 
the swallowing-related cortex in the PSD group (Mean=0.306, 
SD=0.122), the PSD(H) group (Mean=0.303, SD=0.119) and 
the PSD(I) group (Mean=0.307, SD=0.133) were decreased 
(Figure 3A-D), and the difference was statistically significant 
(p<0.05, see Figure 3E).The mean functional connectivity 
strength of brain networks in PSD(I) group was higher than 
that in PSD(H) group, but the difference was not statistically 
significant (p>0.05, see Figure 3E).
Characteristics and differences in functional connectivity 
strength across brain networks:

Compared with the HC group, the PSD, PSD(H) and 
PSD(I) groups showed a significant decrease in the functional 
connectivity strengths of homologous and heterologous brain 

networks of the eight swallowing cortex brain networks in the 
RMC, LMC, RSC, LSC, RSMA, LSMA, RPFC and LPFC 
(p<0.05, see Figure 4A-C), while no significant difference 
in the functional connectivity strengths of homologous and 
heterologous brain networks was observed between PSD(H) 
and PSD(I) groups (p>0.05, see Figure 4D).
Characteristics and differences in average activation levels in 
brain regions:

Characteristic maps of activation in each brain region during 
the swallowing task for subjects in the HC, PSD, PSD(H) and 
PSD(I) groups are shown in Figure 5A-D. Compared with the 
HC group, the average activation in the swallowing brain regions 
of the PSD, PSD(H) and PSD(I) groups tended to be decreasing 
(Figure 5E-G), and the average activation level of swallowing 
brain area was slightly increased in the PSD(I) group compared 
with the PSD(H) group (Figure 5H).
Characteristics and Differences in Mean Activation Levels 
across Brain Regions:

Analysing the activation characteristics of the brain regions 
during the swallowing task in the four groups, it was found 
that the PSD, PSD(H) and PSD(I) groups showed a decreasing 
trend in the activation intensity of the brain regions compared 
to the HC group. Compared with the HC group, the PSD 
group showed statistically significant differences in channel 
11 (S5- D4), 12 (S5-D10), 44 (S17-D1) and 45 (S17-D12); 
PSD(H) group showed statistically significant differences in 
channel 11 (S5-D4); and PSD(I) group showed statistically 
significant differences in channels 11 (S5-D4), 12 (S5-D10) 
and 44 ( S17-D1) were statistically significant (p<0.05, see 
Figure 6A,B,C; Table 3); there was no significant difference 
in activation in all brain regions between PSD(H) and PSD(I) 
groups (p>0.05, see Figure 6D; Table 3).

Figure 3. Brain functional connectivity strength differences (A,B,C,D).  HC group: Healthy control group; PSD group: Post Stroke Dysphagia 
group; (C) PSD (H): PSD Hemorrhagic group; PSD(I): PSD Ischemic group. (E) Analysis of variances. (Updated “Average of FC” to “Average 
of FC” in Figure 3ABC).
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Figure 4. Brain network connectivity differences (A,B,C,D). HC group: Healthy control group; PSD group: Post Stroke Dysphagia group; 
PSD(H): PSD Hemorrhagic group; PSD(I): PSD Ischemic group.

Figure 5. Activation features of brain regions and general linear model (A-H). HC group: Healthy control group; PSD group: Post Stroke 
Dysphagia group; PSD(H): PSD Hemorrhagic group; PSD(I): PSD Ischemic group. The figures (A-D) show the change of mean value. the larger 
the mean value, the closer the colour is to red, and the stronger the activation of brain region.
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Figure 6. Differences in brain region activation (A-D). HC group: Healthy control group. PSD group: Post Stroke Dysphagia group. PSD(H): 
PSD Hemorrhagic group. PSD(I): PSD Ischemic group. The figures (A-D) show the change of mean value. The larger the mean value, the closer 
the colour is to the mean value. The larger the mean value, the closer the colour is to red, and the stronger the activation of brain region.

Figure 7. Correlations heatmap with clinical characteristics. The figure shows the change of r value. The larger the r value, the closer the colour 
is to red.
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Figure 8. Receiver operating characteristic curve. DLPFC: Left dorsolateral prefrontal cortex. RPMC: Right primary motor cortex.

Cortical ROIs  Channels S+D
RMC 30,32,44,45,46,47,49 S12,S17,S18,D1,D12,D14,D17,D19,D20
LMC 14,27,28,38,54,55,57 S6,S11,S14,S20,S21,D15,D21,D22
RSC 1,2,16,17,48 S1,S7,S18,D1,D12,D19
LSC 13,15,52,53,56 S6,S20,S21,D5,D11
RSMA 31,33,34,35,50,51 S12,S13,S19,D14,D17,D20
LSMA 29,36,37,39,40,41 S11,S14,S15,D15,D18,D23
RPFC 3,4,5,6,7,18,19,20,21,22 S2,S3,S8,S9,D2,D3,D7,D8
LPFC 8,9,10,11,12,23,24,25,26 S4,S5,S9,S10,D3,D4,D9,D10

Table 1. Cortical ROI corresponding to the channels and source detector.

ROI: Regions of Interest; S:Source; D:Detector; RMC: Right Motor Cortex; LMC: Left Motor Cortex; RSC: Right Sensory Cortex; LSC: Left 
Sensory Cortex. RMC: Right Motor Cortex; LMC: Left Motor Cortex; RSC: Right Sensory Cortex; LSC: Left Sensory Cortex; RSMA: Right 
Supplementary Motor Area; LSMA: Left Supplementary Motor Area; Right Prefrontal Cortex: RPFC; Left Prefrontal Cortex: LPFC

Variables HC (n=26) PSD (n=53) P
Age (years) 60.15±8.399 63.08±10.33 0.214
Gender
(Males:Females) 16:10 31;22 0.809
Stroke type
(Hemorrhagic: Ischemic) NA 29:24 NA

Lesion site(right:left) NA 28;25 NA
SSA NA 29.89±4.122 NA
FOIS NA 3.170±1.438 NA
Variables PSD(H) (n=24) PSD(I) (n=29) P
Age (years) 60.00±10.09 65.10±9.908 0.070
Gender
(Males:Females) 14:10 17:12 0.787
Lesion site(right:left) 10:14 18:11 0.173
SSA 29.92±4.27 29.86±4.07 0.989
FOIS 3.13±1.36 3.21±1.52 0.839

Table 2. Demographic and clinical data (mean±SD).

HC Group: Healthy Control Group; PSD Group: Post Stroke Dysphagia Group; PSD(H): PSD Hemorrhagic Group; PSD(I): PSD Ischemic 
Group; SSA: Standardized Swallowing Assessment; FOIS: Functional Oral Intake Scale.

Channels Cortical ROIs FDR- corrected p
HC & PSD    HC & PSD(H) HC & PSD(I)    PSD(H) & PSD(I)

11 (S5-D4) LPFC 0.026 0.043 0.044 0.737
12 (S5-D10) LPFC 0.026 0.083 0.041 0.670
44 (S17-D1) RMC 0.031 0.052 0.044 0.737
45 (S17-D12) RMC 0.040 0.052 0.068 0.737

Table 3. Channels with significant differences in connectivity strength.

ROI: Regions of Interest; S:Source; D:Detector; Left Prefrontal Cortex: LPFC; RMC: Right Motor Cortex; HC Group: Healthy Control Group; 
PSD Group: Post Stroke Dysphagia Group; PSD(H): PSD Hemorrhagic Group; PSD(I): PSD Ischemic Group; FDR: False Discovery Rate.
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Correlations with clinical characteristics:
Correlation analysis with the clinical assessment indexes 

SSA and FOIS found that the average functional connectivity 
strength of the swallowing cortex in the PSD group had a 
negative correlation with SSA scores (r=-0.721, p<0.001) and 
a positive correlation with FOIS ratings (r=0.733, p<0.001). 
except for channel 12 (S5-D10) (r= 0.335, p=0.014), all the 
remaining channels were not correlated with any of the clinical 
assessment indicators. According to the distribution of fNIRS 
brain channels, we found that channels 11,12 were located in 
the left dorsolateral prefrontal cortex (LDLPFC) and channels 
44,45 were located in the right primary motor cortex (RPMC), 
and we calculated the homologous and heterologous brain 
network connectivity of LDLPFC and RPMC. homologous 
and heterologous brain network connection strengths, and 
correlation with SSA and FOIS showed that RPMC-RPMC was 
negatively correlated with SSA (r=-0.455, p<0.001); RPMC-
RPMC was positively correlated with FOIS (r=0.473, p<0.001); 
LDLPFC-RPMC was positively correlated with FOIS (r=0.507, 
p<0.001); LDLPFC-LDLPFC had no correlation with either 
SSA or FOIS (Figure 7; Table 4).
ROC curve analysis:

To further explore the critical value of the connectivity strength 
of the relevant brain networks reflecting the dependence of 
PSD patients on tube feeding (FOIS<grade 4), we plotted the 
ROC curves of the relationship between the FOIS-related brain 
networks and whether the PSD patients were dependent on tube 
feeding or not. As can be seen in Figure 7, when the average 
functional connectivity strength of the swallowing cortex brain 
network was ≥ 0.318, the functional connectivity strength of 
the homologous brain network RPMC-RPMC was ≥ 0.574, 
and the functional connectivity strength of the heterologous 
brain network LDLPFC-RMC was ≥ 0.297, the probability of 
PSD patients relying on tube-feeding to eat was lower, i.e., 
the probability of eating by mouth was higher (p<0.0005, see 
Figure 8A-C).
Discussion.

In this study, we explored the characteristics and differences 
of brain network functional connectivity and brain region 
activation in swallowing-related cortical task state in healthy 
adult subjects and PSD patients by fNIRS. Firstly, compared 
with the HC group, the PSD, PSD(H) and PSD(I) groups 
showed significantly lower strength of brain network functional 
connectivity and significantly decreased activation of specific 
brain region channels, suggesting that weakened brain network 
functional connectivity and insufficient activation of related 
brain regions may lead to the impaired swallowing function 

after stroke, and also that the brain regions with significantly 
decreased activation, the RMC and the LPFC, are the potential 
brain regions for brain function regulation in PSD patients; 
Secondly, correlation analyses were conducted to characterise 
and characterise differences in swallowing-related cortical 
task-state brain functional connectivity between healthy adult 
subjects, the activation level of channel 12 (S5-D10), the 
functional connectivity strength of homologous brain network 
RPMC-RPMC and heterologous brain network LDLPFC-
RPMC in PSD patients correlated with SSA or FOIS. It is 
suggested that the degree of dysphagia in patients with PSD 
can be reflected by the intensity of functional connection of 
the brain network or the degree of activation of brain regions, 
LDLPFC and RPMC may be more accurate neuroregulatory 
targets for improving swallowing function in patients with 
PSD. Finally, ROC curve analysis shows that the average 
functional connection strength of the swallowing cortex and the 
critical value of functional connection intensity of homologous 
brain network RPMC-RPMC and heterologous brain network 
LDLPFC-RPMC can be used as potential clinical markers of 
whether PSD patients rely on tube feeding or not.

The biggest advantage of using fNIRS in this study is that 
it has faster time resolution, less artifact interference, and 
portability than fMRI technology, so it is more suitable for 
neuroscience research in natural situations such as daily life 
and work [15]. At the same time, there is a good correlation 
between fNIRS and fMRI task brain activation data [16,17]. 
At present, many studies have proved that fNIRS technology 
can effectively recognize the cortical activation pattern of the 
swallowing task state [18-20]. FNIRS can measure the changes 
in HbO2 and HbR concentration on the cortical surface [20], 
while the change of HbO2 concentration is the most sensitive 
index for the change of cerebral blood flow (CBF) [21], and 
has the strongest correlation with blood oxygenation dependent 
level (BOLD), and the signal-to-noise ratio is better than that of 
HbR [22]. Therefore, in this study, we use the changes in HbO2 
as an index to measure brain activity.

The mechanisms of PSD are complex, and the recovery of 
swallowing function requires the involvement of both motor and 
non-motor cortex. Several fMRI studies have shown that several 
brain regions, including primary somatosensory cortex, primary 
motor cortex, bilateral premotor and supplementary motor 
cortical areas, cingulate cortex, prefrontal, temporal, precuneus, 
subparietal lobule, cerebellum, and brainstem are associated 
with swallowing function [23-26], which provides a reference 
basis for the selection of RMC, LMC, RSC, LSC, RSMA, 
LSMA, RPFC and LPFC as ROI's. Previous studies reported 
primary motor cortex, bilateral premotor and supplementary 

Connectivity strength/Channels/ROI SSA
r     p

FOIS
r    p

Connectivity strength -0.721 <0.001 0.733 <0.001
12 (S5-D10) -0.215 0.123 0.335 0.014
RPMC-RPMC -0.455 0.0006 0.473 0.0003
LDLPFC-RPMC  -0.130 0.352 0.507 0.0001

Table 4. Significant correlation with the clinical characteristics.

ROI: Regions of Interest; SSA: Standardized Swallowing Assessment; FOIS: Functional Oral Intake Scale; LDLPFC: Left Dorsolateral Prefrontal 
Cortex; RPMC: Right Primary Motor Cortex.
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motor cortical areas as cortical centres for oral, pharyngeal 
and oesophageal muscles during active swallowing [16,23]; it 
is currently believed that primary motor cortex is involved in 
complex empirical movements, whereas bilateral premotor and 
supplementary motor cortical areas mostly process continuous 
movements [27]. Primary somatosensory cortices typically 
process general sensations applied to the face as well as 
gustatory stimuli to participate in the execution of swallowing 
movements [22]. The prefrontal cortex has been implicated in 
emotion, cognition and learning, and is capable of processing 
swallowing information and signalling to bilateral premotor and 
paramotor cortical areas, playing an important role in the pre-
cognitive and oral phases [27,28]; at the same time, prefrontal 
cortical activity is modulated by flavour and gustatory stimuli, 
which change during swallowing [29]; the inferior frontal gyrus 
is able to participate in the control of non-verbal or orofacial 
sensorimotor behaviour, and several studies have demonstrated 
that fNIRS signal changes are strongest in the bilateral inferior 
frontal gyrus during the performance of swallowing tasks [30-
33]. Our findings are in good agreement with those of fMRI [34-
37]. When the above swallowing-related cortices (RMC, LMC, 
RSC, LSC, RSMA, LSMA, RPFC and LPFC) were selected as 
ROIs, differences in the strength and activation of brain network 
functional connectivity were observed between healthy subjects 
and patients with PSD, further confirming the importance of 
motor and non-motor cortices for normal swallowing function, 
which are collectively involved in swallowing and play a vital 
role in swallowing motor processing and integration plays a 
crucial role [38]. Meanwhile, it is suggested that the mechanism 
of PSD may be the weakening of functional connectivity of 
the brain network of the swallowing cortex and the insufficient 
activation of the related brain regions, which provides a 
reference for the rehabilitation treatment plan of PSD patients 
with multi-brain region intervention.

Analysis of channel differences in brain area activation showed 
that PSD patients had lower activation in swallowing brain 
areas than healthy subjects during the swallowing task, and 
significantly lower activation in specific channels (11, 12, 44, 
and 45) than the HC group, with channels 11 and 12 located in 
the LPFC, and channels 44 and 45 located in the RMC. Previous 
studies have found that the prefrontal cortex is closely related 
to cognitive behaviour, and is involved in the swallowing 
cognitive, preparatory and planning phases of swallowing [28], 
and frontal lobe lesions are closely related to oral phase disorders 
[39,40]. While the results of the present study suggested that the 
prefrontal cortex in the left hemisphere had a higher correlation 
with swallowing function than that in the right hemisphere. In 
addition, the motor cortex, as a relevant centre for swallowing 
function, is mainly involved in complex empirical actions 
[38], a the results of the present study suggested that the motor 
cortex in the right hemisphere had a higher correlation with 
swallowing function than that in the left hemisphere. correlation 
is higher than the left hemisphere. In summary, LPFC and RMC 
may be the key brain regions for impaired swallowing function 
in PSD patients and are expected to be potential targets for 
neuromodulation therapy. Meanwhile, our results also suggest 
that the activation of the swallowing cortical brain regions in 

the left and right brains is different during the performance of 
swallowing tasks in PSD patients. It is now generally accepted 
that the functional areas of the cerebral cortex for swallowing 
have significant interhemispheric asymmetry [41]. Unilateral 
hemispheric injury causes dysphagia mainly due to the presence 
of a "dominant" hemisphere in swallowing behaviour, but 
the pattern of brain lateralisation of swallowing function is 
uncertain. The present study provides a reference for the study 
of brain lateralisation of swallowing function.

In order to explore the correlation between brain network 
functional connectivity strength and clinical assessment indexes, 
we correlated the average brain network functional connectivity 
strength of swallowing-related cortex, homologous and 
heterologous brain network functional connectivity strengths 
between LDLPFC and RPMC with SSA and FOIS, respectively, 
and the results showed that the average brain network functional 
connectivity strength of swallowing-related cortex correlated 
negatively with SSA and positively with FOIS. The results 
showed that the average brain functional connectivity strength 
of swallowing-related cortex was negatively correlated with 
SSA and positively correlated with FOIS, suggesting that the 
higher the brain functional connectivity strength was the lower 
the degree of swallowing disorder. Meanwhile, RPMC-RPMC 
was negatively correlated with SSA; RPMC-RPMC, LDLPFC-
RPMC were positively correlated with FOIS, further suggesting 
that the higher the activation of the brain regions of LDLPFC 
and RPMC, and the better the functional connectivity of the 
brain network, the lower the degree of swallowing dysfunction 
of PSD patients, which is basically in line with previous 
studies [42,43]. More importantly, the results of the present 
study further narrowed down the range of brain regions with 
higher correlation with swallowing dysfunction, suggesting 
that LDLPFC and RPMC may be more precise targets for 
neuromodulation.

To further explore the critical value of the connectivity strength 
of the relevant brain networks reflecting the dependence of 
PSD patients on tube feeding (FOIS < grade 4), we plotted the 
ROC curves of the relationship between the FOIS-related brain 
networks and whether the PSD patients were dependent on tube 
feeding or not. The results showed that the probability of PSD 
patients not relying on tube-feeding for feeding was greater 
when the average swallowing cortical brain network functional 
connectivity strength in the swallowing task state was ≥0.318, 
when the homologous brain network RPMC-RPMC connectivity 
strength was ≥0.574, and when the heterologous brain network 
LDLPFC-RPMC connectivity strength was ≥0.297, suggesting 
that the average brain network functional connectivity strength 
and LDLPFC, RPMC could be used as potential clinical markers 
of whether PSD patients are dependent on tube feeding.

It should be noted that the clinical manifestations, treatments 
and prognoses of different types of stroke vary greatly, and at 
present, clinical symptoms and imaging findings are still used as 
the main basis for their identification of cerebral haemorrhage 
and cerebral infarction [44], and there is a lack of functional 
imaging studies for assessing the differences in brain function 
between the two. Therefore, it is of great significance to find 
methods and assessment indexes for assessing brain function 
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in different types of stroke, which is important for personalised 
treatment and improving the prognosis of patients with different 
types of stroke. In view of this, in this study, PSD patients were 
analysed in the subgroups of hemorrhagic and ischemic, and it 
was found that the HC group was significantly higher than the 
PSD(H) group and the PSD(I) group in the strength of the brain 
network functional connectivity and the degree of activation of 
the brain regions, while the PSD(H) group was lower than the 
PSD(I) group in the strength of the brain network functional 
connectivity and the degree of activation of the brain regions, 
but the difference was not statistically significant. The results 
of this study suggest that there may not be a difference between 
PSD(H) and PSD(I) patients in swallowing-related cortical brain 
function, but fNIRS can only capture the blood oxygenation 
signals in the cortex of the brain, and cannot detect the signals 
in the deeper parts of the brain (e.g., the insula, cerebellum, and 
brainstem, which are closely related to swallowing) [45], so it 
is necessary to further investigate the differences in the future in 
combination with fMRI.
Limitations.

The present study provides new insights in exploring brain 
functional connectivity and brain region activation in PSD 
patients, but there are some limitations.

Firstly, the spatial resolution of the fNIRS technique limits the 
assessment of the role of deep brain structures (e.g., insula, basal 
ganglia, cerebellum, and brainstem) in swallowing activity. 
These regions play an important role in the swallowing process, 
and failure to include them may have compromised the depth of 
a comprehensive understanding of swallowing function. Future 
studies may consider incorporating the use of techniques such 
as fMRI to obtain a more comprehensive picture of functional 
brain activity.

Secondly, some patients with severe dysphagia are unable to 
perform actual swallowing manoeuvres and can only participate 
in the study by imagining swallowing. This alternative task may 
not fully simulate the real swallowing process, thus affecting the 
accuracy of functional brain activation. Therefore, future studies 
need to develop more accurate swallowing task paradigms to 
reduce the impact of this discrepancy on study results. Further, 
although the present study observed a possible difference in the 
level of left and right brain activation during the swallowing task 
in patients with PSD, no detailed subgroup analyses of the left 
and right hemispheres were performed. Future studies should 
explore this phenomenon of lateralisation to gain a deeper 
understanding of brain asymmetry in swallowing control.

Finally, the fNIRS headcap probe distribution used in this study 
failed to fully cover the temporal lobe region, which may have 
affected the accurate assessment of temporal lobe activation 
during swallowing movements. In future studies, we will use 
more advanced spectral headcaps to ensure that the temporal 
lobe region is fully covered to more accurately explore its 
activation and mechanisms involved in swallowing movements.
Conclusion.

In this study, functional near infrared spectroscopy 
(fNIRS) was used to reveal significant abnormalities in brain 

network functional connectivity and brain region activation 
in swallowing-related cortex in patients with post-stroke 
dysphagia (PSD). Compared to healthy controls, PSD patients 
exhibited diminished strength of brain network functional 
connectivity and abnormal brain region activation patterns. The 
findings suggest that the strength of brain network functional 
connectivity in LDLPFC and RPMC is closely related to the 
severity of swallowing function, and that these two brain regions 
may be potential neuromodulatory targets for PSD treatment. In 
addition, this study found that the critical value of the functional 
connectivity strength of the brain network of the swallowing 
cortex may serve as a clinical marker for assessing whether 
patients with PSD are dependent on tube-feeding for food.
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