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Objective: Dysphagia after cerebral infarction (DYS) has been detected in several brain regions through resting-state functional magnetic resonance imaging (rs-fMRI). In this study, we used two rs-fMRI measures to investigate the changes in brain function activity in DYS and their correlations with dysphagia severity.

Method: In this study, a total of 22 patients with DYS were compared with 30 patients without dysphagia (non-DYS) and matched for baseline characteristics. Then, rs-fMRI scans were performed in both groups, and regional homogeneity (ReHo) and fractional amplitude of low-frequency fluctuation (fALFF) values were calculated in both groups. The two-sample t-test was used to compare ReHo and fALFF between the groups. Pearson's correlation analysis was used to determine the correlations between the ReHo and fALFF of the abnormal brain regions and the scores of the Functional Oral Intake Scale (FOIS), the Standardized Bedside Swallowing Assessment (SSA), the Videofluoroscopic Swallowing Study (VFSS), and the Penetration-Aspiration Scale (PAS).

Results: Compared with the non-DYS group, the DYS group showed decreased ReHo values in the left thalamus, the left parietal lobe, and the right temporal lobe and significantly decreased fALFF values in the right middle temporal gyrus and the inferior parietal lobule. In the DYS group, the ReHo of the right temporal lobe was positively correlated with the SSA score and the PAS score (r = 0.704, p < 0.001 and r = 0.707, p < 0.001, respectively) but negatively correlated with the VFSS score (r = −0.741, p < 0.001). The ReHo of the left parietal lobe was positively correlated with SSA and PAS (r = 0.621, p = 0.002 and r = 0.682, p < 0.001, respectively) but negatively correlated with VFSS (r = −0.679, p = 0.001).

Conclusion: The changes in the brain function activity of these regions are related to dysphagia severity. The DYS group with high ReHo values in the right temporal and left parietal lobes had severe dysphagia.

Keywords: dysphagia, cerebral infarction, rs-fMRI, ReHo, fALFF


INTRODUCTION

Stroke is one of the leading causes of dysphagia, and dysphagia is an independent risk factor for prognosis in patients following stroke (1). Approximately 37–78% of poststroke patients have dysphagia (2). Dysphagia can occur not only in patients with brain stem stroke but also in patients with cerebral hemisphere stroke (3). Patients with dysphagia are at risk of dehydration and malnutrition because of the difficulty in ingesting food due to disruption of the swallowing process (4). Some patients with dysphagia develop respiratory tract infections and aspiration pneumonia, and the infection-related death rate in such patients reaches 50% (5). Dysphagia is not solely a physical hazard; it can have mental and social effects, leading to depression and a lower quality of life (6). However, the neural mechanism of dysphagia is still unclear. Dysphagia was at one time thought to be an automatic response, one that occurs primarily at the brainstem level (7). Recently, some studies have reported that dysfunction of the swallowing motor areas or their connection to the brainstem might be the cause of swallowing dysfunction (8).

Resting-state functional magnetic resonance imaging (rs-fMRI) is a rapidly developing and non-invasive neurofunctional imaging technique with high temporal and spatial resolution. It is an important method for the study of brain function. Multiple functional neuroimaging studies have shown that, in addition to the brainstem, the cerebral cortex (including the insula and the postcentral gyrus) and the subcortical structures (including the basal ganglia) are associated with dysphagia in stroke patients (9–11). The cerebral cortex also plays an important role in the regulation of swallowing (9). While many studies have shown deficits in brain function in patients with dysphagia following stroke, the results have been inconsistent, especially regarding the direction of activation.

The fractional amplitude of low-frequency fluctuation (fALFF) and regional homogeneity (ReHo) are the major rs-fMRI metrics used for studying local brain function activity (12). fALFF helps identify specific local brain regions with abnormal oxygen level-dependent signals and activity, and ReHo can reflect the consistency of brain activity in a time series (13). To date, fALFF and ReHo have not been investigated for their associations with the severity of dysphagia after cerebral infarction (DYS). In this study, we used these rs-fMRI measures to investigate the changes in brain function activity in DYS and analyzed their correlations with dysphagia severity.



METHODS


Participants

This case-control study was conducted from January 2019 to November 2020. Twenty-two patients with DYS were recruited from the Department of Rehabilitation Medicine of Zhuhai People's Hospital. The inclusion criteria were as follows: (1) One-sided cerebral infarction had been diagnosed by two radiologists based on nerve injury and computed tomography (CT) or MRI of the head (with a duration of <3 months since cerebral infarction). (2) The patient had a Functional Oral Intake Scale (FOIS) score ≤ 4 (14), as assessed by the associate chief physician of the rehabilitation department (15). (3) Baseline mental status at the time of rs-fMRI would not induce or worsen dysphagia. The patients were instructed to avoid alcohol and caffeinated beverages in the 24 h before rs-fMRI. The exclusion criteria were as follows: (1) lack of capacity to consent due to neuropsychological, linguistic, or psychiatric disorders; (2) head motion correction involving translation more than 3 mm or rotation more than 3°; (3) brainstem infarction (as this study was focused on the role of cortical and subcortical structures in swallowing control); (4) prior cerebrovascular disease; (5) use of an electrically sensitive biomedical device (cardiac pacemaker or cochlear implant); (6) metal clips in the brain, (7) pneumonia at the time of enrolment; (8) alcohol and caffeinated beverages were used on the day of the scan. Thirty patients without dysphagia (non-DYS) that matched to the DYS group in terms of baseline characteristics were selected from the Department of Radiology as controls.

All subjects were right-handed and volunteered to participate in the study. This study was approved by the Research Ethics Committee of Zhuhai People's Hospital of Guangdong Province, China. All subjects provided signed informed consent.



MRI Data Acquisition

MRI scans were performed using a GE Signa HDxt 3.0T MR scanner (GE Healthcare, Chicago, IL, USA) and an eight-channel receiver array head coil. Fillers and earplugs were used to reduce head movement and scanner noise. The subjects were instructed to close their eyes, rest, avoid thinking about anything, and avoid head movement during the scan. First, high-resolution 3D T1-weighted structural images were acquired with the following parameters: repetition time (TR) = 600 ms, echo time (TE) = 17 ms, field of view (FOV) = 200 × 200 mm, slice thickness = 0.6 mm, gap = 0 mm, and matrix= 256 × 256. Diffusion-weighted imaging (DWI) was performed using the following imaging parameters: axial image, echoplanar imaging sequence, b-values = 0 and 1,000 s/mm2, TR = 2,501 ms, TE = 98 ms, flip angle = 90°, FOV = 230 × 230 mm, matrix = 152 × 122, and slice thickness = 6 mm. The axial rs-fMRI image was obtained using a gradient echo-planar imaging sequence with the following parameters: TR = 2,000 ms, TE = 30 ms, slices = 23, slice thickness = 4 mm, gap = 0 mm, flip angle = 90°, FOV = 240 mm × 240 mm, and matrix = 64 × 64. The scanning time is within 5–7 min. After each MRI scan, the subject was asked whether he or she had been asleep or distracted during the scan for the exclusion of unqualified subjects.



Data Collection

Baseline data and medical histories were obtained from patient medical records. The baseline data included sex, age, diabetes status, hypertension status, duration since stroke onset, the National Institute of Health Stroke Scale (NIHHS) score (16), affected hemisphere, lesion location, and infarct volume. DWI contributed significantly to estimating infarct volume. Infarct lesions were manually segmented on admission DWI via ITK-Snap software, version 3.0 (www.itk-snap.org). An intensity filter was used to augment the selection and segmentation of the DWI-hyperintense lesions. The lesion volumes were also calculated using the aforementioned software (Figure 1) (17).


[image: Figure 1]
FIGURE 1. An example of infarct volume views on diffusion-weighted imaging (DWI).


Dysphagia was evaluated using FOIS and the Standardized Bedside Swallowing Assessment (SSA), Videofluoroscopic Swallowing Study (VFSS), and Penetration-Aspiration Scale (PAS), for those who were experiencing swallowing dysfunction after cerebral infarction. Different types of dysphagia were assessed using the VFSS (18–20). The severity of dysphagia was assessed using the PAS, which is an 8-point scale that evaluates airway invasion based on the VFSS, by a rehabilitation doctor after cerebral infarction (21).



Functional Data Preprocessing

Data preprocessing was performed using the Data Processing Assistant for the rs-fMRI (DPARSF) tool kit (http://rfmri.org/DPARSF) in the MATLAB R2016a programming environment (The MathWorks, Natick, MA) (22). The specific processing steps entailed the following: (1) conversion of the DICOM images to the NIFIT format; (2) filtering out of the first 10 time points; (3) time correction; (4) head motion correction and the exclusion of translation values more than 3 mm or rotation values more than 3°; (5) space standardization, brain normalization to Echo-Planar Imaging (EPI) template in the Montreal Neurological Institute (MNI) space; (6) removal of linear drift and nuisance covariates; and (7) spatial smoothing. Spatial smoothing was performed to reduce spatial noise and local anatomic structure artifacts, and the value of full width at half maximum (FWHM) was 6 mm.



ReHo and fALFF Analyses

Regional homogeneity was calculated as Kendall's concordance coefficient (KCC), which reflects the temporal consistency of neural activity in a region of the brain (13). ReHo maps were normalized by dividing the KCC among each voxel by the global mean ReHo value. The resulting data were spatially smoothed by convolution with a 4 mm FWHM Gaussian kernel.

An index named amplitude of low-frequency fluctuation (ALFF) of the rs-fMRI signal has been suggested to reflect the intensity of regional spontaneous brain activity. In this study, the power spectrum was acquired using fast Fourier transformation to convert each voxel's time series into the frequency domain. Then, each frequency of the power spectrum was square-root-transformed at each voxel. The averaged square root of the frequency range of 0.01–0.1 Hz was defined as the ALFF value. fALFF analysis was performed by smoothing via a Gaussian function with 4 mm FWHM. The value of ALFF in this range was added to obtain the total ALFF value, and the fALFF value was obtained by dividing the total value by the full-band amplitude from 0.01 to 0.25 Hz (23).



Statistical Analysis

SPSS 25.0 statistical software (IBM Corp, Armonk, NY, USA) was used for the data analysis. Numerical variables are expressed as the mean ± standard deviation. Qualitative variables are described by absolute values of cases in different groups. The statistical significance of differences between the quantitative variables was assessed by the χ2 test with Yates' correction or by Fisher's exact test as appropriate. Student's t-tests were performed to evaluate data that followed a normal distribution. A p < 0.05 was considered statistically significant.

Two-sampled t-tests were performed to analyze the differences between the two groups in ReHo and fALFF values. Age, sex, and the head motion parameters of each subject were included as covariates. The resulting statistical map was corrected through multiple comparison corrections to a significance level of p < 0.05. The multiple comparison correction was performed using Gaussian random field (GRF) theory correction with an individual voxel threshold of p < 0.001 and cluster-level p < 0.05. The results were displayed via the ch2.nii template of MRIcron software, which is the standard and well-known Colin27 template. The ReHo and fALFF values were extracted from the above-differentiated brain regions, and correlation analysis was performed for the FOIS, SSA, VFSS, and PAS scores. The relationship between the values of fALFF and ReHo was studied via Pearson's correlation analysis. A p < 0.05 was considered statistically significant. Multiple comparison correction was performed using the false discovery rate criterion of an individual voxel threshold, p < 0.001, and at cluster-level, p < 0.05.




RESULTS


Clinical Features and Dysphagia Examination

Table 1 shows the demographic data of the subjects. No significant differences were observed in sex, age, diabetes status, hypertension status, duration since stroke onset, the NIHHS score, affected hemisphere, lesion location, or infarct volume between the two groups (p > 0.05).


Table 1. Clinical characteristics of the groups.
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ReHo and fALFF Analyses

Compared with the non-DYS group, the DYS group showed decreased ReHo values in the left thalamus, the left parietal lobe, and the right temporal lobe (Table 2 and Figure 2) and significantly decreased fALFF values in the right middle temporal gyrus and the inferior parietal lobe (Table 3 and Figure 3; corrected voxel-level, p < 0.001 and cluster-level, p < 0.05).


Table 2. Regions showing significant differences in ReHo values between DYS and non-DYS.
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FIGURE 2. Regions exhibiting differences in regional homogeneity (ReHo) between the dysphagia after cerebral infarction (DYS) and non-DYS groups [p < 0.001 corrected by Gaussian random field (GRF)]. Cooler colors indicate significantly lower ReHo values in the DYS group.



Table 3. Regions showing significant differences in fALFF values between DYS and non-DYS.
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FIGURE 3. Regions exhibiting differences in fractional amplitude of low-frequency fluctuation (fALFF) between the dysphagia after cerebral infarction (DYS) and non-DYS groups [p < 0.001 corrected by Gaussian random field (GRF)]. Cooler colors indicate significantly lower regional homogeneity (ReHo) values in the DYS group.




Correlation Analysis

In the DYS group, the ReHo of the right temporal lobe was positively correlated with the SSA score and the PAS score (r = 0.704, p < 0.001 and r = 0.707, p < 0.001, respectively) but negatively correlated with VFSS (r = −0.741, p < 0.001; Figure 4). The ReHo of the left parietal lobe was positively correlated with SSA and PAS (r = 0.621, p = 0.002 and r = 0.682, p < 0.001, respectively) but negatively correlated with VFSS (r = −0.679, p = 0.001; Figure 5). No significant correlation was found between the fALFF of the right middle temporal gyrus or the inferior parietal lobule and any of the scores.


[image: Figure 4]
FIGURE 4. (A) Correlations between the Standardized Bedside Swallowing Assessment (SSA) score and regional homogeneity (ReHo) in the right temporal lobe; (B) Correlations between the Videofluoroscopic Swallowing Study (VFSS) score and decreased ReHo in the right temporal lobe; (C) Correlations between the Penetration-Aspiration Scale (PAS) and decreased ReHo in the right temporal lobe; (D) Regions exhibited in the right temporal lobe [p < 0.001 corrected by the Gaussian random field (GRF)].
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FIGURE 5. (A) Correlations between the Standardized Bedside Swallowing Assessment (SSA) score and decreased ReHo in the left parietal lobe; (B) Correlations between Videofluoroscopic Swallowing Study (VFSS) score and decreased ReHo in the left parietal lobe; (C) Correlations between Penetration-Aspiration Scale (PAS) score and decreased ReHo in the left parietal lobe; (D) Regions exhibited in the left parietal lobe [p < 0.001 corrected by Gaussian random field (GRF)].





DISCUSSION

Swallowing activity is a complex sensory-motor process simultaneously involving visual, auditory, olfactory, and gustatory sensors and different regions, such as the cerebral cortex and the subcortex (24). Dysphagia often occurs in patients with stroke, and changes in brain function are the pathological basis of dysphagia. In this study, we recruited patients with DYS and patients without DYS matched for baseline characteristics, and we used fALFF and ReHo to explore the changes in local brain functional activity and the correlations of these metrics with the degree of dysphagia in patients with DYS to further understand the neural mechanism of DYS. The results showed that relative to the non-DYS patients, the patients with DYS had significantly decreased brain function activity in the left thalamus, the left parietal lobe, the right temporal lobe, the right middle temporal gyrus, and the inferior parietal lobule. In addition, the ReHo values of the right temporal and parietal lobes were negatively correlated with the degree of dysphagia in the DYS group. These region-specific changes in brain function activity may play a key role in DYS.

ReHo, a new metric for analyzing brain signals by rs-fMRI, was first proposed by Zang et al. (13). The theoretical basis is that, under certain conditions, there is a strong temporal consistency between a brain voxel and the surrounding voxels. A decreasing ReHo value indicates a decreasing consistency of neuronal activities. Furthermore, an abnormal ReHo value indicates that the activity of neurons in the brain region is abnormal, which in turn indicates the disorder of the interaction between neurons or pathological changes of the neurons themselves. Therefore, ReHo analysis is a method that targets the functional activity of the local brain. Its advantage lies in its ability to locate different brain regions, and it has been widely used in the study of various neuropsychiatric diseases (25). In this study, abnormalities in local brain functional activity in several brain regions, mainly in the left thalamus, the left parietal lobe, and the right temporal lobe, in the DYS group compared with the non-DYS group were detected through ReHo analysis. When stroke patients with dysphagia attempt to perform swallowing activities, most of the cerebral cortical activation related to swallowing function is decreased, so they cannot complete swallowing activities (26). The swallowing preparation period and the oral period require attention. Patients with attention disorders are easily affected by interference in eating (27). The parietal lobe participates in the composition of the attention network (28), which is related to the spatial positioning of sensory information. The parietal lobe and other brain regions play important roles in the regulation of neural activities triggered by attention to sensory information (29). In addition, the primary sensorimotor cortex is the most consistently and strongly activated brain area during autonomic swallowing. Soros et al. (30) proposed that the primary sensorimotor cortex is involved in the execution of autonomic movements and may be related to the initiation of swallowing. Previous studies have demonstrated sensory integration in the parietal temporal and parietal lobes (31, 32), and the temporal lobe is also involved in the processing of sensory information (33). In a study of eight adults without dysphagia, Kern et al. (34) found that reflex swallowing is regulated by the primary sensorimotor cortex. The thalamus acts as a relay station connecting different subcortical regions to the cerebral cortex, through which all sensory pathways except smell are projected back to the cortical region. The results of our study showed that temporal and thalamic changes in brain function activity may play a key role in DYS. In the current study, the ReHo values of the right temporal lobe and the left parietal lobe were negatively correlated with the degree of dysphagia. According to our findings, the local neural activity abnormalities in these regions are closely related to the severity of maternal dysphagia. The fALFF reflects the intensity of spontaneous activity in brain regions. In this study, the fALFF values of patients with DYS were significantly decreased in the right middle temporal gyrus and the inferior parietal lobe, which also demonstrates the importance of these brain regions in DYS. However, in this study, brain function activity (ReHo or fALFF) in brain regions was only unilateral. The asymmetry of the distribution of swallowing centers in both cerebral hemispheres may be the cause of dysphagia resulting from unilateral stroke. When the dominant swallowing center is damaged, the non-dominant swallowing center on the healthy side is insufficient to maintain normal swallowing (35). Normal swallowing requires the bilateral deglutition pathway. After the unilateral stroke, the healthy side cannot control the deglutition activity alone. Regarding the anatomical and physiological basis of this activity, the peripheral sensory that afferent fibers usually project to the bilateral primary sensory cortex emit connective fibers to the primary motor cortex and finally emanate from the bilateral cortical medulla tracts (36).

However, brainstem infarction is one of the most common causes of dysphagia after infarction. This study did not include patients with brainstem infarction, as this study was focused on the functional changes in cortical and subcortical areas. In the future, we will study patients with the cerebral cortex and brainstem infarction and explore the differences in functional connectivity. In addition, due to the limited number of patients, the type and severity of dysphagia were not taken into account, and we will concentrate on this in our upcoming study. At last, our findings are early results (mean: 17 + 10 days) and we will further study the long-term results and post-treatment changes in the future.



CONCLUSION

In this study, we used ReHo and fALFF of rs-fMRI to investigate the changes in brain function activity in DYS and their correlations with dysphagia severity. Changes in the brain function activity of the thalamus, the temporal lobe, and the parietal lobe are related to dysphagia severity. The DYS group with high ReHo values in the right temporal and left parietal lobes had severe dysphagia.
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