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Background and purpose: It is unknown the neural mechanisms of developmental stuttering (DS). The aim of this study was to investigate the changes in the structural morphology of the brain in Chinese children who stutter.

Methods: A case–control study was conducted to collect magnetic resonance imaging data from stuttering and non-stuttering children, thereby analyzing whole-brain gray matter volume and cortical morphological changes in stuttering children.

Results: A total of 108 subjects were recruited (stuttering group: control group = 1:1). Comparing to healthy controls, the gray matter volume was significantly decreased in right temporal gyrus and bilateral cerebellum. Additionally, there was a significant reduction in cortical folds in the right insula and right superior temporal gyrus. Moreover, the gray matter volume of the right cerebellum and right temporal gyrus is related to the severity score of stuttering.

Conclusion: The present study proposes that the neural mechanisms underlying DS are intricately linked to the cortico-basal ganglia-thalamo-cortical loop and the dorsal language pathway. This finding is expected to provide reference value for the clinical treatment of DS.
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Introduction

Developmental stuttering (DS) is a childhood-onset speech fluency disorder that occurs most often in children between the ages of 2 and 5 years (1, 2). About 5–10% of preschool children have been reported to stutter, and 75–80% of these children recover spontaneously within 2–3 years (3). Persistent stuttering can greatly reduce the overall quality of life of children and adolescents, limiting their participation in activities, affecting their academic performance, socialization, etc. (4–6). By identifying the structural brain abnormalities involved in stuttering helps to explore effective treatments (7).

There is increasing evidence for differences in Morphological Structure of the Brain in Children Who Stutter. Stuttering is a neuromotor disorder involving neural networks and sensorimotor areas involved in motor programming and control, like damaged/abnormal cortical white and gray matter structures, altered neural activity in the cortico-basal-thalamic-cortical circuits (7). These “neural markers” may alter sensorimotor interactions at a neural level (8). Jäncke et al. (9) first used the voxel based morphometry (VBM) method to study gray matter volume changes in adults who stutter, and he found anatomical abnormalities in the lateral perisylvian fissure area, prefrontal lobe, and sensorimotor areas in stutterers. Using the same method for the first time in 2007, the Chinese team found a significant increase in gray matter volume in the superior temporal gyrus, middle temporal gyrus, postcentral gyrus, inferior parietal lobule and premotor gyrus of the bilateral cerebral hemispheres, and a significant decrease in gray matter volume in the posterior cerebellar lobes and medulla oblongata in the stuttering group (10). Neuroimaging studies on children who stutter have found that children with a history of stuttering have less gray matter volume in the left inferior frontal gyrus and supplementary motor areas (11). To further study the cortical morphology of stuttering, the surface based morphometry (SBM) has been gradually applied. Related studies point to increased cortical folding in stuttering (9, 12). Garnett et al. Analyzed the brain morphology of children who stuttered by the SBM method and found that children who stuttered had reduced cortical thickness in the left ventral motor cortex and ventral premotor cortex regions (13, 14).

Current research on the brain structure and function of children who stutter has made great progress (15). However, there are some shortcomings. Chinese children have differences in language structure, expression, and family upbringing, which can influence the existence of differences in brain structure in different language environment (16–18). Moreover, China has a large population base, and there is a great market demand for early diagnosis and accurate treatment for children who stutter and their families. However, there are fewer studies related to brain structure and function in Chinese children who stutter. Secondly, most of the studies used a single VBM method, or SBM method, focusing on localized or specific types of information. Finally, although many studies have shown that DS is associated with neuroanatomical abnormalities in speech-producing neural networks (15). However, the results reported in the literature are inconsistent when it comes to the location and orientation of the brain regions with differences. This is mainly related to inconsistent study populations, sample size differences and incomplete research techniques.

In summary, the present study was conducted to reveal the brain morphology and structural differences in Chinese children who stutter by means of structural magnetic resonance and to investigate the relationship between the structural brain alterations and clinical features of DS.



Methods


Patients selection

Participants were enrolled from February 2019 to November 2020, 54 pediatric patients with stuttering were enrolled. Fifty-four healthy pediatric controls of who are recruited for the study criteria for both sex and age were enrolled in the research. The present research was authorized from the Ethics Committee. All pediatric patients’ legal guardians gave written informed consent. The criteria for the diagnosis of stuttering (Childhood-Onset Fluency Disorder) were developed based on the Diagnostic and Statistical Manual of Mental Disorders-5 (DSM-V) (1, 19). The criteria for the Stuttering in DSM-V are as below: (A) Disturbances in the temporal pattern and normal fluency of speech that are incompatible with the age and speech ability of the individual, long duration, and with the characteristics of marked and frequent occurrence of one (or more) of the following: (i) Repetition of sounds and syllables. (ii) Prolongation of the sound of vowels and consonants. (iii) Word breaks (for example, a pause within a word). (iv) Audible or non-audible obstructions (filled or unfilled pauses in speech). (v) Circumlocution (a word substitution is intended to avoid a problematic word). (vi) Words generated in a situation of excessive physical tension. (vii) A full word repetition of a single syllable. (B) The disorder results in individuals experiencing anxiety when speaking, or limited in the communication with people, academics, social participation as well as the occupational performance, alone or in any combination. (C) Symptoms appear in the early stages of development (Note: Cases of late onset are diagnosed as a fluency disorder of adult onset). (D) The disorder cannot be ascribed to a speech motor or sensory deficit, a fluency disorder related to a neurological injury (such as trauma, tumor, and stroke), or other clinical condition, and cannot be better interpreted with another psychiatric disorder.

All children included in the experiment were required to meet the following inclusion criteria: (1) native Chinese language, (2) age ≤ 14 years, (3) right-handedness, and (4) no organic brain parenchymal lesions suggested by imaging. The exclusion criteria for children in the stuttering group were as shown below: (1) oral malformations such as cleft lip and palate, (2) hearing abnormality, (3) intellectual disability, autism spectrum disorders, cerebral palsy, and other disorders leading to speech disorders, (4) psychiatric disorders and medication-induced stuttering manifestations, (5) MRI scans showing signal or structural abnormalities in intracranial lesions, (6) patients with claustrophobia or other conditions that preclude MRI scans, and (7) patients with a history of psychiatric disorders. The exclusion criteria for the control group were as follows: (1) psychiatric, neurological or other metabolic disorders, (2) MRI scans showing signal or structural abnormalities in intracranial lesions, (3) patients with claustrophobia or other conditions that preclude MRI scans, and (4) patients with a history of psychiatric disorders.

Moreover, participation was conditional on the absence of language or speech impairment and mental retardation on standardized tests by both the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV) and the Diagnostic Receptive and Expressive Assessment of Mandarin-Comprehensive (DREAM-C). Children who scored 1 standard deviation below the average of the standardized measures above were not allowed to participate. The severity of stuttering for participation was evaluated with Stuttering Severity Instrument-Version 4 (SSI-4).



Structural magnetic resonance imaging acquisition

A standardized process of clinician evaluation and collection was employed for the collection of clinical data.

All of the participants received high-resolution anatomical whole brain T1-weighted MRI in a 3.0 Tesla Siemens Skyra scanner. The parameters of the 3D T1 sequence are listed below: repetition time of 5 ms, echo time of 2.95 ms, matrix dimensions of 192 × 192, field of view of 200 mm × 200 mm, flip angle of 0°, voxel dimensions of 1.04 mm × 1.04 mm × 1.00 mm, and 144 axial slices. During scanning, the participants were instructed to maintain immobility of the head while in a state of relaxation with their eyes closed. Earplugs and foam padding were used to diminish ambient noise and restrict head movement. To eliminate the influence of head motion, participants with a maximum displacement of >3 mm and maximum rotation of >3° were excluded from further analysis.

Prior to analysis, all of the structural images were evaluated by three experienced researchers. Images affected by motion artifacts were excluded. In this study, 2 stuttering participants and 3 typical development participants were excluded.




MRI processing


VBM

T1-weighted structural MRI images of participants were analyzed with Statistical Parametric Software (SPM121) by adopting the default parameters. The major processing steps include: (i) manually re-orienting the images, (ii) extracting the brains, and which were segmented into maps of cerebrospinal fluid (CSF), white matter (WM) as well as gray matter (GM), (iii) normalizing all the above images to the Montreal Neurological Institute (MNI) space, (iv) smoothing with full-width at half-maximum (FWHM) Gaussian kernel of 8 mm. Statistical analyses were subsequently performed on the smoothed images to investigate voxel-wise differences of GM volumes between the stuttering and typical development groups. To avoid involving WM portion, voxels with GM intensities below a threshold of 0.1 (maximum GM intensity was 1) were excluded. Thereafter a two-sample t-test was conducted on the intensity plot of GM and total intracranial volume (TIV), sex and age were added as covariates. Statistical significance thresholds were set at a combination of cluster-level p < 0.05 and voxel-level p < 0.001 for multi-comparisons with the method of Gaussian Random Field (GRF).



SBM

Surface based morphometry analysis was performed using CAT12 (Computational Anatomy Toolbox2) software. The main steps included: (i) the individual spatial T1W was radiometrically aligned to MNI152 space, and non-brain tissues were excluded, (ii) the white matter tissue signal intensity change was estimated, and the field estimation was performed on the whole brain based on the white matter tissue body, (iii) the white matter distribution in the standard brain tissue template of MNI152, and the signal intensity and spatial location of somatotropin in the individual space were used to analyze the white matter tissue body that might belong to the white matter tissue in the T1W image of the individual, (iv) generation of an initial sphere in each of the left and right hemispheres to convert from voxel-based volume space to vertex-based surface space analysis. The construction of white matter-gray matter and gray matter-cerebrospinal fluid boundary models can be realized by intensity gradient detection, respectively, and the distance between the two boundaries is the gray matter cortical thickness, (v) Gaussian smoothing kernel FWHM = 15 mm was chosen for cortical thickness index, and Gaussian smoothing kernel FWHM = 20 mm was chosen for the other indexes, (vi) Based on the measured distance, we calculated the cortical thickness, cortical surface area, mean curvature and sulcus depth to analyze the changes of brain surface morphology.



Statistical analysis

Statistical analyses were performed using SPSS version 23 (IBM Corp., Armonk, NY, United States). Continuous variables were expressed as mean ± standard deviation, while categorical data were expressed as counts and percentages. A 2-tailed p < 0.05 was considered statistically significant differences. We analyzed the data and Demographic characterization data conformed to normal distribution and variance chi-square. VBM data belonged to skewed distribution and non-parametric test was used. SBM data belonged to normal distribution and two-sample t-test was used. Images from the two groups were compared in terms of gray matter and cortical morphology, adjusting for age and gender as covariates. Each pixel’s value was computed to generate a statistical parameter map. Pseudo-colored displays were used to represent t-values exceeding the threshold, with the darkness of the color spectrum indicating the magnitude of the t-value. Subsequently, the biased correlation between the brain structural eigenvalues of these regions and stuttering severity scores in the patient group was calculated, adjusting for factors such as age, gender, and total intracranial volume.




Results


Baseline characteristics

A total of 54 cases in the stuttering group and 54 cases in the healthy control group were included in this study, there was no statistically significant difference in age and gender between the healthy control group and the stuttering group (p > 0.05) (Table 1).



TABLE 1 Baseline characteristics.
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Data results based on VBM analysis

The gray matter volumes of the stuttering and control groups were statistically analyzed using non-parametric tests, and age, gender, and total intracranial volume were used as covariates to compare the differences between the two groups. There were significant differences in gray matter volumes in the right temporal gyrus and bilateral cerebellum in patients who stuttered. Gray matter volume was significantly reduced in the right temporal gyrus and bilateral cerebellum (Figure 1) compared to healthy controls (Table 2 and Figure 1). In addition, correlation analysis showed that stuttering severity scores were positively correlated with gray matter volume in the right temporal gyrus (r = 0.412, p = 0.002) and right cerebellar gray matter volume (r = 0.289, p = 0.034), respectively.

[image: Figure 1]

FIGURE 1
 Surface based morphometry (SBM)-based analysis of brain regions with significant differences in gray matter volume between the two groups. Panel (A) shows that the stuttering group had significantly less gray matter volume in the right temporal gyrus compared to the control group. Panel (B) shows a significant reduction in gray matter volume in the bilateral cerebellum of the stuttering group. VBM, voxel-based morphometry.




TABLE 2 Data results based on VBM analysis.
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Data results based on SBM analysis

An independent t-test was conducted to assess cortical thickness, sulcus depth, fractal dimension, and cortical fold characteristics of the stuttering group versus the control group. Multiple corrections were applied to compare the statistical outcomes. Our findings indicated a substantial decrease in cortical folds specifically in the right insula and the right superior temporal gyrus among individuals with stuttering (Table 3 and Figure 2). However, no significant disparities were observed between the two groups in terms of cortical surface area, sulcus depth, or fractal dimension. Furthermore, a partial correlation analysis was performed between cortical fold metrics and stuttering severity scores among the stuttering group. These results revealed no significant correlation between the three brain regions and stuttering severity scores (P > 0.05).



TABLE 3 Data results based on SBM analysis.
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FIGURE 2
 Surface based morphometry-based analysis of the brain regions where the two groups differed significantly in cortical folds. Clusters with reduced cortical folds in the stuttering group compared to the control group (yellow clusters) Cluster 1 represents the right insula, Cluster 2 represents the right superior temporal gyrus, and Cluster 3 represents the right superior temporal gyrus. l, left hemisphere; r, right hemisphere. Color bands indicate t-values (red indicates that cortical folds were smaller in the stuttering group than in the healthy control group). SBM, Surface-based Morphometry.





Discussion

To the best of our knowledge, this study took Chinese children who stutter as subjects to explore morphological and structural brain differences in this population. The main findings of this study were a significantly decreased in right temporal gyrus and bilateral cerebellum in the gray matter volume; a significant reduction in cortical folds in the right insula and right superior temporal gyrus.

The posterior superior temporal gyrus (pSTG) has been reported to be interconnected with the premotor and subfrontal areas through numerous primary white matter tracts (20). Speech preparation and execution in stutterers cannot be isolated from sensory areas, since speech movements are scheduled and performed as a consequence of speech movements against the background of the intended sensory goal (19). There is much evidence for abnormal interactions between the speech auditory-motor integration of person who stutters (22). As is well known, the manipulations of auditory feedback (such as masking noise, delayed auditory feedback or frequency-shifted feedback) can at least temporarily fluency the stutterer (23–25). Research on auditory interference with sensory-motor adaptation has demonstrated that stuttering adults show decreased adaptive ability in comparison with controls, while stuttering children present the same adaptive ability as controls. Notably, speech-induced auditory cortical inhibition was delayed in children who stuttered at latency, suggesting that even in the children, there is an interaction between auditory and the motor areas (26, 27). Inactivation of the left auditory cortex (STG, middle temporal gyrus) in the speech task in stutterers is among the ‘neural features’ emphasized in the meta-analysis of PET and fMRI investigations of stuttering (28, 29). Of interest is the fact that bilateral right STG and pSTG activity is particularly enhanced in people who stutter when they speak fluently (30). Fluency conditions induced, like rhythmic choral singing and speech by a metronome, revealed increased auditory cortical activity compared to reading alone, exceeding that of controls in the same areas (31). While this is speculative, it may suggest that when stuttering is expected, auditory cortex deactivation occurs to minimize the perceived mismatch between the predicted and actual speech (32). Our study also found that children who stutter have decreased gray matter volume in the right temporal gyrus, which is generally consistent with those of previous studies (33). Unfortunately, the reason for the decreased gray matter volume in the right superior temporal gyrus in patients who stutter is unknown. It has been suggested that the change of gray matter volume in the right superior temporal gyrus may be a compensatory structural change due to a speech motor disorder (32, 34).

Besides, changes in cortical morphology of the brain are also strongly associated with stuttering. The Gyrification Index (GI) serves as a quantitative measure of the intricate surface patterns of the cerebral cortex (35). The insula, a crucial component of Broca’s area, covers the cortex and plays a pivotal role in numerous brain functions (36). It maintains close ties with regions like Broca’s area, the frontal lobe, parietal lobe, and motor cortex (37). Meanwhile, the superior temporal gyrus, a vital part of Wernicke’s area, is responsible for processing auditory information. This gyrus connects with the insula via the dorsal auditory pathway, which is crucial for speech perception, maintaining phonological working memory for perceived information, and speech production (both articulatory planning and execution) (38). Studies have hinted at structural or functional irregularities in the insula and superior temporal gyrus among those who stutter, such as reduced volume and intensified brain activity (14, 39). Our research echoes these findings, revealing a significant decrease in cortical folds within the right insula and right superior temporal gyrus among stutterers. This reduction suggests potential disruptions in neuronal connections between the right insula and the right superior temporal gyrus, potentially affecting the dorsal auditory pathway’s role in speech motor processes. However, the present study found no significant correlation between the three abnormal brain regions and stuttering severity scores. Possible Reasons Heterogeneity of stuttering behavior and changes in brain morphology among stutterers are not caused by just one brain region or a single factor, but are the result of the interaction of multiple brain regions and factors. The relationship between structural brain changes and the assessment of stuttering symptoms still requires further research to deepen the understanding of the mechanisms underlying stuttering.

Several studies have pointed to the involvement of the cerebellum in the coordination of speech-related movements (8, 40). Kotz et al. (41) and Schwartze et al. (42) have proposed a valuable subcortical framework for the perception and production of speech sounds. Here, it is believed that the interactions between auditory cortical areas and temporal processing systems (cerebellum and basal ganglia) built fundamental timing routines in the acquisition of speech. In such framework, once routines have been acquired, the contribution of the auditory-cerebellar-thalamic-frontal-striatal (BG) is considered a complementary function, while the cerebellum remains involved actively in computing sensory information. Based on the work of Stockert et al. (43) and Pinheiro et al. (44), the audiological information can be transmitted to the temporal processing system of the cerebellum through the neural pathway between the cochlear nucleus and cerebellum. The cerebellum projects in sequence through the thalamus to the frontal cortex; the frontal cortex is then attached to the BG, creating a circuit around BG region (44). In addition, the basal ganglia is a key site for the initiation of speech motor programs that are associated with the pathogenesis of DS (45). The basal ganglia-cerebellum-cerebral cortex network can provide part of the basis for the executive control network, which is associated with executive function, working memory, and verbal fluency (46). Some studies have found that in people who stutter. Abnormal activity occurs in the basal ganglia, and to compensate for this abnormal activity, the cerebellum becomes more active, and it is hypothesized that the cerebellum may provide a means of compensating for impaired basal ganglia function in stuttering patients (47). The gray matter volume results of the present study showed a significant reduction in bilateral cerebellar gray matter volume in the stuttering group. This affects the effective connection between the cerebellum and the basal ganglia, leading to a loss of compensation in the brain’s coordinated speech motor mechanisms. This is likely to be one of the reasons for the development of stuttering. Our findings reaffirm the importance of the cerebellum in stuttering-related brain regions.

This study is based on VBM and SBM analyses, which effectively combine local and global brain structural features in people who stutter. The cerebellum has extensive connections to the cerebral cortex and subcortical regions, with the cerebellum projecting to the striatum through dense synapses in the dentate nucleus and interconnecting with the subcortical basal ganglia to form a complete network with the cerebral cortex (38, 46). The basal ganglia-cerebellum-cerebral cortex network can provide part of the basis for the executive control network, which is associated with verbal fluency (38, 46). Our findings show a reduction in cortical folds in the right insula of the cerebellar gray matter body and the right superior temporal gyrus in patients who stutter, which may result in slowed or interrupted information transfer between different brain regions in the brain structure of patients who stutter, leading to instability in language planning and control, which may manifest itself in symptoms of stuttering such as syllable repetition or syllable lengthening. The results of this study provide reference value for clinicians and therapists in the diagnosis and treatment of stuttering disorder. First, early diagnosis and prediction of stuttering disorder is expected to be realized through structural changes in the cerebellum and temporal gyrus. Secondly, it is also possible to select appropriate targets through central nervous stimulation to promote structural changes in the brain associated with DS, and thus improve stuttering symptoms. Finally, effective stuttering treatments can also be sought through these structural brain changes, providing evidence-based medical evidence for the treatment of stuttering.



Limitations

This study possesses several constraints. Firstly, this leads to the fact that the external validity of the results of this study is not yet known and it is more difficult to apply the results of a single center sample to other regions and populations. A larger sample from multiple centers must be taken to confirm the reliability of our findings. Secondly, this is a cross-sectional study which does not allow us to understand the systematic and continuous changes in DS. Therefore, further research is necessary to elucidate the association between stuttering and temporal changes in cortical structures and subcortical areas of the brain. Finally, changes in brain function also have an impact on stuttering, and abnormal functional connectivity in the amygdala, chiasma, and pons may lead to stuttering. This study is based on structural magnetic resonance as a research method, which is not yet able to understand the performance of active brain regions and the functional connectivity and synergy between different brain regions in children with stuttering in recognizing a specific task. In the future, we will study brain network changes in children with DS during resting and task states to explore the functional brain characteristics of DS.



Conclusion

The present study revealed that abnormalities in cerebellar and superior temporal gyrus gray matter volumes and cortical folds were associated with children with DS. These structural alterations in brain regions involve brain areas and pathways associated with speech motor control, particularly involving the cortico-basal ganglia-thalamo-cortical loop and the dorsal language pathway.
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