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Altered Interhemispheric Functional Connectivity Associated With Early Verbal Fluency Decline After Deep Brain Stimulation in Parkinson’s Disease
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Background: Patients with Parkinson’s disease (PD) experience a decline in verbal fluency (VF) immediately after undergoing deep brain stimulation (DBS) of the subthalamic nucleus (STN). This phenomenon is thought to be related to surgical microlesions.

Purpose: We investigated the alterations in interhemispheric functional connectivity after STN-DBS in PD patients. We also evaluated the correlation between these changes and decreased VF scores.

Method: Overall, 30 patients with PD were enrolled in the study. Resting-state functional magnetic resonance imaging scans were performed twice, once before and once after DBS, in PD patients. Voxel-mirrored homotopic connectivity (VMHC) was applied in order to evaluate the synchronicity of functional connectivity between the hemispheres.

Result: After undergoing STN-DBS, PD patients demonstrated reduced VMHC value in the posterior cerebellum lobe, angular gyrus, precuneus/posterior cingulate gyrus (PCC), supramarginal gyrus, superior frontal gyrus (SFG) (medial and dorsolateral) and middle frontal gyrus (MFG). In addition, we observed a significant positive correlation between the altered VMHC value in the SFG and MFG and the change of phonemic VF scores.

Conclusion: PD patients demonstrated an interhemispheric coordination disorder in the prefrontal cortex, cerebellum, supramarginal gyrus and DMN after undergoing STN-DBS. The positive correlation between reduced VMHC value in the SFG and MFG and the changes of VF scores provides a novel understanding with regard to the decline of VF after DBS.
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INTRODUCTION

Deep brain stimulation (DBS), a widely accepted and effective treatment for mid-to-late-stage Parkinson’s disease (PD), improves the motor symptoms and the quality of life of patients, and reduces complications that are caused by anti-Parkinsonian drugs (Deuschl et al., 2006; Benabid et al., 2009). However, after the deep brain electrodes are implanted into the subthalamic nucleus (STN), PD patients often experience adverse neuropsychological reactions. Although the overall cognitive level of patients after chronic STN-DBS is relatively safe (Witt et al., 2008), a decline in verbal fluency (VF) decline is a common postoperative cognitive side effect (Mikos et al., 2011; Lefaucheur et al., 2012; Borden et al., 2014; Le Goff et al., 2015; Costentin et al., 2019). The specific mechanism behind this side effect remains unclear. Multiple studies have discovered that PD patients demonstrate an immediate decline in VF performance after undergoing DBS surgery, while PD patients who suffered from STN-DBS did not demonstrate any significant change in VF scores under “switched-on” and “switched-off” stimulus conditions (Morrison et al., 2004; Witt et al., 2004). To date, evidence suggests that a decline in language fluency after DBS is more likely related to surgical microlesions than to stimulating-induced reactions.

Advanced cognitive processes require participation of both hemispheres (Sauerwein and Lassonde, 1994). The corpus callosum is thought to contain major interhemispheric pathways (Sauerwein and Lassonde, 1994). Previous studies have demonstrated that people with disconnection or atrophy of the corpus callosum tend to have sensory, motor, and cognitive processing deficits (Dimond, 1979; Sauerwein and Lassonde, 1994; Yaldizli et al., 2014), which illustrates the importance of coordinating between the hemispheres for implementation of high-level complex tasks. One study discovered that atrophy of the corpus callosum affects the performance of VF tasks, highlighting the importance the integrity of the corpus callosum for cognitive information processing related to VF (Pozzilli et al., 1991). Given the importance of inter-hemispheric coordination for VF tasks, we hypothesized that decreased VF in PD patients after DBS may be associated with a deficiency in inter-hemispheric interaction.

Functional magnetic resonance (fMRI), particularly functional connectivity, is an important tool to study the basis of neurological and psychiatric disorders. The resting-state fMRI is able to capture the pattern of fluctuation of blood oxygen levels in resting-state, which has better operability and repeatability, compared to task-state fMRI (Smitha et al., 2019). Functional homotopy is an essential feature of the inner functional structure of the brain, and refers to a high degree of synchronization of spontaneous activity in the corresponding positions of the hemisphere (Zuo et al., 2010; Luo et al., 2015). The homotopic resting-state function connectivity (RSFC) is a good indicator of interhemispheric coordination, and reflects the degree of integration of brain functions, which may be detected through the voxel-mirrored homotopic connectivity (VMHC) method (Hu et al., 2015; Luo et al., 2015). Alterations of homotopic RSFC were discovered in normal aging, as well as neurological and mental illness (Zuo et al., 2010; Guo et al., 2014; Cao et al., 2020; Gan et al., 2020). The VMHC approach has been widely utilized to study neural mechanisms of PD, and has become an important tool to identify changes in inter-hemispheric functional communication (Hu et al., 2015; Li et al., 2018; Gan et al., 2020; Jin et al., 2021).

Herein, we hypothesized that a decline in VF performance after DBS in PD patients may be associated with dysfunction of functional coordination between the hemispheres. Therefore, we analyzed resting-state fMRI data prior to and after STN-DBS surgery among PD patients using the VMHC method to determine changes in homotopic RSFC. Furthermore, we evaluated the correlation between VMHC values of significantly different brain regions before and after DBS and VF scores.



MATERIALS AND METHODS


Participants

The data used in this study is from PD patients who were treated with functional neurosurgery at the Brain Hospital affiliated with Nanjing Medical University. Overall, 37 patients with PD were recruited, all of whom met United Kingdom Parkinson’s Disease Society Brain Bank clinical diagnostic criteria. DBS surgery was carried out on all recruited PD patients after evaluating indications for DBS surgery. The exclusion criteria were as follows: (1) previous neurological disorders and psychiatric history, (2) a history of suffering from non-PD diseases affecting the nervous system (i.e., brain trauma), (3) having taken drugs that affect brain function for six months (i.e., antipsychotics), and (4) contraindications to magnetic resonance examination. All participants were right-handed. This study was granted approval by the Ethics Committee of Brain Hospital affiliated with Nanjing Medical University. All subjects signed written informed consent prior to the start of the experiment.



Clinical Assessments

The VF test mainly assess spontaneous verbal motor ability, which can be divided into semantic fluency and phonemic fluency. The semantic fluency test asks participants to name as many animals as they can think of in 1 min. Due to the different educational backgrounds of the participants, we chose a Chinese version of the test in order to evaluate phonemic fluency of all subjects. For detailed description, please refer to previous literature (Quan et al., 2015), which has been used in the phonemic fluency test of Chinese people (Liao et al., 2019; Yang et al., 2020). The testing process consists of three phases, including a 30-s baseline, a 60-s task, and a 30-s break after the task. During the task, three Chinese characters (白, 天, and 大, representing white, day and big, respectively) were shown to the testers and each character lasted for 20 s. Next, participants were asked to verbally generate as many phrases or four-character idioms as possible, starting with each given character. The total number of correct animals or words that each participant could say was scored. Patients with PD were evaluated four times using the VF test, including three days before DBS, one day after DBS, one month after DBS, and six months after DBS. At the same time, we also assessed the overall cognitive level of all participants using Montreal Cognitive Assessment (MoCA). In addition, MRI data for PD patients was collected three days before DBS and one day after DBS, which were included in the PD-Pre-DBS and PD-Post-DBS group, respectively. All scales and MRI data were collected after the patient had stopped taking anti-Parkinsonian drugs for more than 12 h, and lacked electrical stimulation. The details of the VF and MoCA assessment were provided in Supplementary Table.



Surgery

Deep brain stimulation (DBS) surgery was carried out by a single neurosurgeon via a unified surgical procedure in this study. Bilateral STN was chosen as an implant target in all patients. Prior to implanting the stimulation electrode, the STN nucleus single-cell discharge was monitored through the use of OMEGA electrophysiological instrument and the recording electrode. Furthermore, the DBS electrodes (model L301, PINS, Pins Medical Co, China) were implanted after the location was determined. The electrode implantation was completely in accordance with the preoperative target plan, and the electrode position was not adjusted during or after surgery. We did not observe any significant surgical complications on postoperative cranial imaging. The specific position of electrode implantation was shown in the Supplementary Material.



Image Acquisition

The MRI data were acquired with 1.5 Tesla GE Medical Systems scanner (produced by GE Medical System, Milwaukee, WI) equipped with an eight-channel head coil. Structural images were acquired through the use of 3D magnetization-prepared rapid gradient-echo sequence (MPRAGE) with the following parameters: repetition time (TR) of 11.864 ms, echo time (TE) of 4.932 ms, flip angle (FA) of 20°, number of slices = 112, matrix size = 256 × 256, field of view (FOV) = 152 × 152mm2, thickness of 1.4mm, and voxel size of 0.59 × 0.59 × 1.4 mm3. Functional images were acquired through the use of a gradient-recalled echo-planar imaging sequence (GRE-EPI) with the following parameters: TR of 2000ms, TE of 40 ms, FA of 90°, FOV = 240 × 240 mm2, matrix size = 64 × 64, number of slices = 28, thickness of 3.0mm with no gap, spatial resolution = 3.75 × 3.75 × 3mm3, and number of total volumes = 128. During the MRI scans, all participants were instructed to close their eyes, stay relaxed and awake, and not think about anything in particular.



Data Preprocessing

Resting-state fMRI data preprocessing was carried out by the Data Processing Assistant for resting-State fMRI (DPABI_V4.31) on the MATLAB 2013b platform.2 The steps of data preprocessing are briefly described as follows. The first five points were discarded and the remaining 123 images underwent slice-time and motion corrections. Seven PD patients were excluded for exhibiting head movements greater than 3mm or 3 degrees. The individual T1 structure image was co-registered with an average EPI image and segmented into either gray matter or white matter using a new segment and DARTEL segmentation algorithm. Next, the structural images were spatially normalized to the Montreal Neurological Institute (MNI) standard template space, and the transformation information obtained were applied to EPI images. The generated image was then resampled to 3 × 3 × 3mm3 and spatially smoothed with a 6 mm full width half maximum Gaussian kernel. The resulting EPI data were linearly trend removed and temporally filtered (0.01–0.10Hz). Next, the nuisance signals were regressed out, including 24 motion parameters, global signals, white matter signals, and cerebrospinal fluid signals using a general linear mode.



Voxel-Mirrored Homotopic Connectivity Analysis

The VMHC value represents the Pearson correlation coefficient between each voxel’s residual time series, as well as corresponding residual time series in another hemisphere, as described in previous studies (Zuo et al., 2010). First, the normalized T1 images of all participants were averaged in order to generate mean normalized T1 image. The left and right mirror versions of this image were averaged to the group-specific symmetrical T1 template. Then, the normalized T1 image was registered into a specific symmetric template. The transformation information was applied to normalized functional image. The VMHC computation was performed using the DPABI_V4.3 software. Then, Fisher Z transform was performed on correlation values in order to improve normality. The resulting value represents the VMHC value.



Statistical Analysis

Statistical analysis of demographic and clinical characteristics for PD patients was carried out using SPSS Statistics 22.0 (IBM, Armonk, NY, United States) using repeated measures analysis of variance and following post hoc t-test, as appropriate. The paired t-test was utilized to identify VMHC differences between the PD-Pre-DBS and the PD-Post-DBS groups with mean framewise displacement (FD) as covariates. All of the above results were corrected by multiple comparisons of the family wise error rate with a voxel p < 0.001 and cluster p < 0.05 using SPM12 (London, United Kingdom3).



Correlation Analysis

The brain regions with statistically significant differences between PD patients before and after surgery were defined as regions of interest (ROIs). For each PD patient before DBS surgery, the REST software.4 was utilized to calculate mean VMHC values for each ROI. The Pearson correlation analysis with SPSS 22.0 software helped calculate the correlation between VMHC values of each ROI, as well as preoperative VF score. In addition, we investigated whether alterations in inter-hemispheric functional connections induced by surgical microlesions correlated with decreased VF scores.




RESULTS


Demographic and Clinical Characteristics

Overall, 30 PD patients were included in this study. The demographics of all participants are presented in Table 1. We discovered that MoCA and VF scores of PD patients immediately decreased after surgery, and MoCA scores returned to preoperative levels one month after surgery. However, VF scores were found to still be significantly lower than before.


TABLE 1. Demographic and clinical data of all subjects.

[image: Table 1]


Voxel-Mirrored Homotopic Connectivity Findings

Compared to the PD-Pre-DBS group, the PD-Post-DBS group demonstrated decreased VMHC values in the posterior cerebellum lobe, midbrain, angular gyrus, precuneus/posterior cingulate gyrus (PCC), supramarginal gyrus, superior frontal gyrus (SFG) (medial and dorsolateral) and middle frontal gyrus (MFG). We did not find any increased VMHC value in the PD-Post-DBS group, compared to the PD-Pre-DBS group (see Figure 1 and Table 2).
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FIGURE 1. Comparison of VMHC between the PD-Pre-DBS group and PD-Post-DBS group. PD, Parkinson’s disease; DBS, deep brain stimulation; PD-Pre-DBS, three days before DBS, PD-Post-DBS, one day after DBS; VMHC, voxel-mirrored homotopic connectivity; L, left; R, right; Regions showing decreased VMHC in blue; Family wise error correction (voxel p < 0.001, cluster p < 0.05).



TABLE 2. VMHC differences between the PD-Pre-DBS and PD-Post-DBS group.
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Correlation Analysis

A correlation analysis demonstrated that significant positive correlations were discovered between phonemic VF scores and the VMHC value of the precuneus/PCC (see Figure 2B), SFG and MFG before DBS (see Figure 2C). A significant positive correlation was also seen between semantic VF scores and VMHC value of SFG and MFG (see Figure 2A). Additionally, altered VMHC value in SFG and MFG demonstrated a significant positive correlation with a change in phonemic VF scores (see Figure 2D).
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FIGURE 2. The correlations between VF scores and mean VMHC values in brain regions with statistically significant differences between PD patients before and after surgery. Relationships between: (A) Semantic VF and mean VMHC value of superior frontal gyrus and middle frontal gyrus, (B) Phonemic VF and mean VMHC value of precuneus/posterior cingulate gyrus, (C) Phonemic VF and mean VMHC value of superior frontal gyrus and middle frontal gyrus, and (D) Decreased phonemic VF and altered VMHC value in the superior frontal gyrus and middle frontal gyrus. VMHC, voxel-mirrored homotopic connectivity; VF, verbal fluency.





DISCUSSION

Herein, VMHC was utilized, for the first time and to the best of our knowledge, to study homotopic RSFC changes among PD patients immediately after DBS surgery. Strong and weak homotopic RSFC were interpreted as a tendency to coordinate processing or independent processing in allelic brain regions, respectively (Baldo et al., 2001). In the past, many functional imaging studies have discovered impaired interhemispheric coordination among PD patients (Hu et al., 2015; Zhu et al., 2016; Li et al., 2018; Gan et al., 2021). The focus of this study was to explore changes in functional coordination of homotopic brain regions post-DBS. Our main findings included that PD patients had decreased interhemispheric RSFC in the prefrontal cortex, cerebellum, supramarginal gyrus and default mode network (DMN)-related brain regions. Furthermore, we observed significant positive correlations between the VMHC values of SFG and MFG before DBS and phonemic VF scores in PD patients. The VMHC changes of SFG and MFC induced by DBS surgery were found to be positively correlated with decreased phonemic VF. DBS is able to cause a temporary decline in overall cognitive function among PD patients after surgery. However, in the long run, there was no significant influence on the overall cognitive function. The VF performance of PD patients decreased significantly immediately after DBS, and improved one month later. In the long term, VF performance declined compared to before the surgery, which is consistent with results in previous literature (Lefaucheur et al., 2012; Borden et al., 2014; Le Goff et al., 2015; Costentin et al., 2019).

Our results demonstrated that altered VMHC values were discovered in the prefrontal cortex, including in the SFG and MFG, and in the PD-Pre-DBS group compared to the PD-Post-DBS group. The integrity of executive function or higher cognitive tasks depends on integrity of the structure and function of the frontal lobe (Yuan and Raz, 2014). In addition, increased frontal lobe activity was consistently observed in the resting state fMRI studies of normal adults performing tasks (Yuan and Raz, 2014). The prefrontal lobe is a key area for word comprehension and production (Costafreda et al., 2006). The semantic and phonemic fluency was found to be impaired to varying degrees after partial frontal lobe damage (Baldo and Shimamura, 1998; Thompson-Schill et al., 1998). In addition, impaired VF is considered to be a marker of frontal lobe dysfunction (Baldo and Shimamura, 1998; Baldo et al., 2001). The left side of the brain is the dominant hemisphere and, therefore, the VF is more sensitive to damage to the left prefrontal lobe (Janowsky et al., 1989). However, one study found that VF performance was significantly decreased, regardless of left or right frontal lobe damage (Baldo and Shimamura, 1998). FMRI studies have generally found that the VF task is associated with activation of the frontal and parietal lobes (Vitali et al., 2005; Birn et al., 2010). The decline in VF among patients with PD occurs at initial stages of this illness and is one of the common cognitive changes among PD patients (Henry and Crawford, 2004; Dubois et al., 2007). Pereira et al. (2009) discovered that gray matter density in the frontal lobe, temporal lobe and cerebellum were significantly correlated with semantic fluency scores. The VF performance in PD patients decreased immediately after deep brain electrode implantation. We hypothesized that decreased postoperative VF performance is likely related to decreased homotopic RSFC between the bilateral frontal lobes. Our study discovered that altered VMHC value of SFG and MFG was correlated with changes in phonemic VF scores, which further confirms our speculation.

We also discovered that PD patients had decreased VMHC values in the posterior lobe of the cerebellum after DBS. It is commonly believed that the cerebellum is associated with coordinating voluntary movement, regulating muscle tension and body balance. Research has shown that the cerebellum plays an increasingly important role in the processing of higher cognitive functions, including language, emotion and memory (Hubrich-Ungureanu et al., 2002; De Smet et al., 2013; Starowicz-Filip et al., 2017). A large number of fMRI studies have demonstrated that the right cerebellum was significantly activated during semantic and sentence processing and VF tasks (Hubrich-Ungureanu et al., 2002; Starowicz-Filip et al., 2017; Geva et al., 2021). Hubrich-Ungureanu et al. (2002) applied fMRI in order to check the activation of brain activity in left-handed and right-handed normal volunteers, while carrying out silent VF tasks. When the right-hand volunteers performed a language task, the left fronto-parietal cortex and right cerebellar hemisphere were found to be visibly activated, while the left-hand volunteers were discovered to be visibly activated in the right fronto-parieto-temporal cortex and left cerebellar hemisphere. The volunteers performed VF tasks in a silent state in order to ensure that the brain areas that were activated were due to speech production rather than vocal action. Alexander et al. (2012) discovered that patients with localized lesions of the right cerebellum had lower VF manifestations compared to those with localized lesions of the left cerebellum. These studies have proven the importance of the cerebellum in VF task execution. Therefore, we suggest that interhemispheric coordination disorders of the bilateral cerebellum may be involved in decreased performance of speech fluency, immediately after surgery.

Another important finding in our study was the decrease of VMHC value in the angular gyrus and precuneus/PCC. These brain regions were key brain areas of the DMN, which was associated with cognitive dysfunction among many diseases, including PD and Alzheimer’s disease (AD) (Ding et al., 2014; Liao et al., 2018; Wolters et al., 2019). Liao et al. (2018) demonstrated that the inter-hemispheric RSFC of DMN among AD patients was significantly reduced and that the VMHC peak value of the precuneus was significantly positively correlated with the MoCA score. Therefore, we speculated that the overall cognitive decline of postoperative patients may be related to dysfunction of interhemispheric functional coordination in the DMN brain regions. Additionally, we also observed a reduced interhemispheric synchrony between supramarginal gyrus. The gray matter density of the bilateral supramarginal gyrus is known to be positively correlated with vocabulary knowledge among monolinguals (Lee et al., 2007; Grogan et al., 2012). Bilinguals, relative to monolinguals, have a higher gray matter density in the supramarginal gyrus, and the gray matter density was shown to be positively correlated with vocabulary knowledge (Lee et al., 2007; Grogan et al., 2012). Behaviorally, both vocabulary and VF tasks involve verbal output, and the vocabulary in the sample are significantly correlated with both semantic fluency and phonological production (Lee et al., 2007). It can be concluded from the above studies that VF performance may be related to the density of gray matter in the supramarginal gyrus. Therefore, we hypothesized that the postoperatively homotopic coordination disorder in the supramarginal gyrus observed may be related to the impairment of postoperative speech fluency.

There were several limitations to this study. First, VMHC has methodological limitations, and it is not possible to determine which side of the brain is damaged in order to cause changes in the VMHC. Furthermore, the brain structure is asymmetrical, and we try to resolve this problem using a symmetrical template. Second, although anti-Parkinsonian drugs were discontinued for 12 h, it was still difficult to avoid the long-term effects of drugs on brain function. Third, Given the metal electrodes implanted in the subjects’ brains, 1.5T MRI instead of 3.0T MRI scanner was used in this study. With the development of technology, the development of higher field strength compatible electrodes will further promote the study of deep brain stimulation mechanisms. In addition, in order to reduce patients’ head movement or discomfort caused by long collection time, the collection time of fMRI was only 128 time points. The short collection time was a disadvantage of the design of this study. In the following study, we will extend the collection time to avoid that the short collection time may affect the results of this study. Finally, the sample size of our study remains small, and more samples need to be included in the future in order to further verify our results.



CONCLUSION

Overall, we found that PD patients showed decreased interhemispheric RSFC in the prefrontal cortex, cerebellum, supramarginal gyrus, and DMN-related brain regions after STN-DBS. This result indicates a disorder of hemispheric coordination after DBS. Furthermore, the positive correlation between altered VMHC value of SFG and MFG and the changed phonemic VF scores observed suggests a potential clinical implication of VMHC measure for decreased postoperative VF in PD patients. All findings provide novel insights into the pathogenesis of VF decline after DBS from an interhemispheric perspective.
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