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Background: Vagus nerve stimulation (VNS) is an established palliative surgical treatment for refractory epilepsy. Recently, pairing VNS with rehabilitation received growing attention for their joint effect on neural plasticity. However, objective biological measurements proving the interaction between VNS effects and cortical recruitment are lacking. Studies reported that VNS induced little blood flow increase in the cerebral cortex.

Objective: This study tested the hypothesis that pairing VNS with a cognitive task amplifies task-induced cerebral blood flow (CBF).

Methods: This study included 21 patients implanted with vagus nerve stimulator to treat refractory epilepsy. Near-infrared spectroscopy (NIRS) with sensors on the forehead measured CBF changes in the frontal cortices in response to VNS. Cerebral blood flow was measured when VNS was delivered during a resting state or a verbal fluency task. We analyzed the VNS effect on CBF in relation to stimulation intensity and clinical responsiveness.

Results: We observed no CBF change when VNS was delivered during rest, irrespective of stimulation intensity or responsiveness. Cerebral blood flow changed significantly when a verbal fluency task was paired with VNS in a stimulation intensity-dependent manner. Cerebral blood flow changes in the non-responders showed no intensity-dependency.

Conclusion: Our results could be an important biological proof of the interaction between VNS effects and cortical recruitment, supporting the validity of pairing VNS with rehabilitation.
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INTRODUCTION

Multiple studies have established the usefulness of vagus nerve stimulation (VNS) as a palliative surgical treatment for refractory epilepsy due to its seizure inhibition effect (Ben-Menachem et al., 1994; Ramsay et al., 1994; DeGiorgio et al., 2000; Helmers et al., 2001; Janszky et al., 2005; Elliott et al., 2011; Kawai et al., 2017). Interest in the effects of VNS on physiological and pathological conditions other than epilepsy has also been growing (Yuan and Silberstein, 2016). Among them, the VNS effect on the generation of neural plasticity has a significant impact. Engineer et al. (2011) reported that pairing a tone with VNS increased the proportion of the primary auditory cortex responding to the tone. Similarly, pairing VNS with a specific movement resulted in the recruitment of a larger cortical area corresponding to the movement, suggesting that this could be a general method for increasing cortical representation of specific functions (Porter et al., 2012). Behaviorally, pairing VNS with a movement task was shown to improve movement dysfunction after chronic stroke in animals and humans (Khodaparast et al., 2016; Kimberley et al., 2018). Thus, VNS is expected to be utilized in neurorehabilitation, and a pivotal study on such utilization is ongoing (Dawson et al., 2020).

Such temporally precise interactions between VNS and specific cortical functions suggest that some form of VNS-induced changes occur in the cerebral cortex. However, to date, no objective biological measurement proved such an interaction. Cerebral blood flow (CBF) is one of the most robust biological measures of brain activity induced by cognitive/behavioral tasks. Previous CBF studies have evaluated changes following VNS without any associated tasks and observed no increase in the cerebral cortex blood flow (Ko et al., 1996; Ring et al., 2000; Van Laere et al., 2002; Henry et al., 2004). Additionally, due to the limited time resolution of CBF studies, most studies focused on the chronic effects of VNS, providing little information about its immediate effects on the cerebral cortex.

In this study, we hypothesized that pairing VNS with a task would amplify the task-induced CBF. We used near-infrared spectroscopy (NIRS) to measure CBF during VNS paired or not with a cognitive task to test this hypothesis. NIRS can evaluate CBF by quantifying the concentration of different hemoglobin states by using near-infrared light at two optical path lengths (Villringer et al., 1993). It has a millisecond-level time resolution, making it superior to positron emission tomography and single-photon emission computed tomography. NIRS has been widely used to detect CBF changes during cognitive tasks (Watanabe et al., 1998), and seems to be the best way to investigate immediate CBF changes during VNS. We expected CBF to be impacted differently when VNS was paired with a cognitive task or not. Such a finding will strongly support the scientific validity of pairing VNS with rehabilitation and provide important clues to elucidate the still elusive mechanism of VNS as a treatment for epilepsy.



MATERIALS AND METHODS


Participants

We recruited patients who underwent VNS system implantation as a surgical treatment for refractory epilepsy and were on regular follow-up at the University of Tokyo Hospital between August 2014 and July 2015. The inclusion criteria were as follows: age 18 and above, at least 6 months of VNS treatment history, current VNS intensity of 0.75 mA or more, native Japanese speaker, and being able to remain motionless during the measurements.

Basically, we increased VNS intensity by 0.25 mA every 3-month visit starting from 0.25 mA. Since VNS intensity is gradually increased to a therapeutic range (usually 1.5–3.0 mA), the current dose of each patient varied depending on the time after implantation and the severity of side effects of stimulation.

Based on the medical records and detailed information from the patients and their families, the participants were divided into responder and non-responder groups to evaluate the results in terms of long-term seizure outcome. Responders were patients whose seizure frequency decreased by 50% or more from the level during the last year before VNS implantation. Non-responders were patients with poorer outcomes than the criteria of responders. All participants underwent NIRS measurements when VNS was delivered to at rest (rVNS, see below for details). Before VNS implantation, patients were usually evaluated using Wechsler Adult Intelligence Scale-III in the preoperative workup. Patients showing verbal IQ > 65 also underwent NIRS measurement when VNS was delivered while performing a task (tVNS, see below for details).

The Institutional Review Board of the University of Tokyo approved this study (10501). Written informed consent was obtained from all patients or their families after presenting a detailed explanation of the study.



Near-Infrared Spectroscopy

Near-infrared spectroscopy can estimate in vivo changes in CBF from variation in the hemoglobin concentration, utilizing the near-infrared light characteristics. NIRS is useful in non-invasively localizing functional changes in the brain with a millisecond-level time resolution. Unlike functional MRI, NIRS can be safely and conveniently applied to patients implanted with a VNS system. NIRS is, therefore, compatible with measuring CBF changes caused by VNS.

Measurements were performed with a NIRS system (ETG-4000, Hitachi Medical Corp., Tokyo, Japan). Fifty-two channels were measured with a 3 × 11 probe holder that covered both sides of the forehead. The distances between probes were 3.0 cm. The lowest row of probes was arranged on the T3-Fpz-T4 line of the international 10–20 system used in electroencephalography recording (Okamoto et al., 2004). Oxy- and deoxyhemoglobin were measured by near-infrared light at 695 and 830 nm, respectively. We focused on analyzing oxyhemoglobin, which was reported to be very well associated with the cerebral cortex activity (Hoshi et al., 2001), and has been used as a valuable biomarker in many studies. Hemoglobin signal was expressed as the product of the change in the hemoglobin concentration (mM) and the optical pathlength (mm). The sampling frequency was 10 Hz.



Measurement Environment and Task Paradigm

Hemoglobin signal was measured by NIRS in a quiet room, with the patient seated in front of a monitor and looking at a fixation point on it. We confirmed that there had been no seizures during the 2 h before each measurement. Antiepileptic drugs were taken as usual, and the VNS settings remained unchanged until immediately before the measurements.

The measurement paradigm was designed to consist of two conditions, each of three blocks in the following order: pre-stimulation (66 s), stimulation (60 s), and post-stimulation (66 s). The VNS system was set to deliver stimulations throughout the stimulation block, during which the patient stayed at rest (rVNS condition; Figure 1A) or performed a verbal fluency task (tVNS condition; Figure 1B). The verbal fluency was a word generation task known to induce CBF in the frontal lobe effectively and is widely used during NIRS to support a depressive disorder diagnosis (Takizawa et al., 2014; Ho et al., 2020; Husain et al., 2020). The patients were instructed to vocally generate as many words as possible, beginning with each of the initial syllables presented. Syllables were presented through a speaker three times, once every 20 s. During tVNS, the patients were also asked to repeatedly utter the five Japanese vowels (a, i, u, e, o) during the last 30 s of the pre- stimulation block and the 66 s of the post-stimulation block. The CBF measurements during these periods were used as the baselines for the following analysis.
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FIGURE 1. (A) Schema of the vagus nerve stimulation (VNS) at a rest (rVNS) condition. (B) Schema of the VNS at a task (tVNS) condition. (C) A schema of the hemoglobin (Hb) signal analysis. The baseline was corrected based on the average Hb signal at the last 10 s of the pre-stimulation block and the 5 s from 50 s to 55 s of the post-stimulation block (shaded time slots). The mean Hb signal was calculated as the signal mean during the stimulation block. The rise in Hb signal was defined as the peak change in Hb signal value per second during the first half of the stimulation block.


Patients with verbal IQ > 65 underwent measurements in tVNS and rVNS conditions. The VNS current intensity was set at treatment dose, then at a half dose (or near half dose when the treatment dose was indivisible), and finally at a zero dose. At zero dose, only measurements during tVNS were conducted. Patients with lower verbal IQ underwent rVNS measurement at the treatment dose and then at a half dose. We set a 3-min interval between measurements, during which no VNS stimulations were delivered.

The VNS on and off times were set to 66 and 60 s, respectively, to match the task paradigm. The VNS stimulation timing was synchronized with the stimulation block by the magnet and the normal mode of the VNS system. The pulse width and frequency were the same as used for each patient in the clinical settings.



Data Analysis

The verbal fluency task is widely used during NIRS measurement to activate the frontal lobe effectively. We used data from the 11 channels on the forehead out of 52 channels, following previous studies (Takizawa et al., 2014; Husain et al., 2020). We used those channels to minimize the effect of frontotemporal craniotomy performed before VNS implantation. As described above, the oxyhemoglobin waveform of each channel was used as a biomarker of cerebral cortex blood flow.

Noise reduction and baseline correction were performed as preprocessing procedures. High-frequency noise, most of which was motion artifacts, was removed from the measured waveforms of the hemoglobin signal by the moving average method (the moving average window was 5 s) in the software embedded in the NIRS machine. The resulting data were analyzed by MATLAB (The MathWorks, Natick, MA, United States). The baseline was corrected by the least-square method, using the averaged hemoglobin signal of the last 10 s during the pre-stimulation block and the 5 s from 50 to 55 s of the post-stimulation block.

The average hemoglobin signal of the last 10 s of the pre-stimulation block was compared to the average hemoglobin signal during the stimulation block to identify CBF change. The mean hemoglobin signal (mHbS) and rise in the hemoglobin signal (rHbS) were calculated as indices of CBF change. mHbS was calculated as the mean hemoglobin signal during the stimulation block (Figure 1C). rHbS was the peak change in the hemoglobin signal value per second during the first half of the stimulation block after applying a moving average window of ten time points.

Demographic data were compared by the chi-squared test or Student’s t-test with a significance level of p < 0.05. All hemoglobin signal comparisons were channel-based and performed using Wilcoxon rank sum test with a significance level set at p < 0.05 (two-tailed). Three measurements from the same patients were compared by repeated-measures ANOVA, and Wilcoxon rank sum tests were used in the post hoc analysis. The false discovery rate (FDR) method was used to correct for multiple comparisons. All tests were two-tailed. Statistical analysis was performed using the JMP Pro, Version 14 (SAS Institute Inc., Cary, NC, United States).



RESULTS


Participants Characteristics

Twenty-one patients (nine male and 12 female) were included in this study. Eight and 13 patients were responders and non-responders, respectively. All of them underwent NIRS measurement in rVNS condition. The mean age was 35.2 years (range, 18–51). The mean age at VNS implantation was 31.9 years (range, 12–52 years). Both age measures differed significantly between responders and non-responders. The mean VNS treatment duration was 39.5 months (range, 9–107 months), and the mean VNS output current was 1.67 mA (range, 0.75–2.75 mA). VNS was selected as the initial surgical treatment for 12 patients because of the multifocal nature of their epilepsy. Nine patients underwent VNS implantation as an additional surgical treatment after craniotomy had failed. Of these nine patients, eight underwent frontotemporal craniotomy, and one was treated by parietal craniotomy.

Twelve subjects who showed VIQ > 65 also underwent NIRS measurement in tVNS condition. Of the 12 subjects, five were responders and seven were non-responders. No differences were found between the two groups, except for age at epilepsy onset. Tables 1, 2 shows the demographic data for responders and non-responders treated by rVNS and tVNS, respectively.


TABLE 1. Demographic data for VNS at rest condition.
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TABLE 2. Demographic data for VNS at task condition.
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Cerebral Blood Flow Change During the rVNS

All 21 patients completed the rVNS, of which eight were responders, and 13 were non-responders.

We found no difference in the hemoglobin signal between the stimulation and pre-stimulation blocks during rVNS measurements (treatment dose, p = 0.289; half dose, p = 0.103). We compared mHbS between responders and non-responders at each dose to rule out the possibility that difference in the immediate VNS effect on the brain at rest masked changes in the CBF, but found no difference at both dose levels (treatment dose, p = 0.090; half dose, p = 0.939; Figure 2).
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FIGURE 2. Grand average of the change in hemoglobin (Hb) signal (A1,B1) and mean Hb signal (A2,B2) in the 21 patients during the vagus nerve stimulation (VNS) at rest condition at the treatment dose (A) and the half dose (B). Solid and dotted line indicate responders and non-responders, respectively. The shaded area around each line indicates the standard error of the mean values. Gray-shaded periods indicate the stimulation block during which the VNS stimulation was on. There was no difference in mean Hb signal between responders and non-responders at either dose.




Cerebral Blood Flow Changes During the tVNS

Twelve patients completed the tVNS, of which five were responders, and seven were non-responders.

We first studied hemoglobin signal changes during the stimulation block when performing the verbal fluency task without VNS to find if CBF changes were induced purely due to the task. Although we found a significant increase in the hemoglobin signals (p < 0.0001), the mHbSs in the responders and non-responders were similar (p = 0.411; Figure 3). These results indicated that the verbal fluency task effectively induced an increase in the CBF. The VNS effect described below could not be attributable to the difference in responsiveness to the verbal fluency task between responders and non-responders.
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FIGURE 3. Grand average of the change in the hemoglobin (Hb) signal (A) and mean Hb signal (B) in the 12 patients during zero dose vagus nerve stimulation (VNS) at the task condition. Solid and dotted lines indicate responders and non-responders, respectively. The shaded area around each line indicates standard error of the mean values. Gray-shaded period indicates the stimulation block even though the VNS dose was set to zero. The mean Hb signals in the responders and non-responders were similar.


Next, we compared mHbSs at different VNS doses between responders and non-responders to verify the effect of VNS on CBF changes. The change in CBF was significantly larger in responders than in non-responders at the treatment dose (p < 0.0001), but not at the half dose (p = 0.092).

We compared the hemoglobin signals between different VNS doses separately in responders and non-responders to clarify the CBF dose-dependency on VNS in this paradigm (Figure 4, see Supplementary Figure 1 for box-whisker plot version of this figure with each data point). Repeated-measures ANOVA revealed a significant difference between the three dose levels in responders (p < 0.0001), but not in non-responders (p = 0.163). Post hoc analysis found the treatment dose to be significantly different from the zero dose after correction for multiple comparisons (p = 0.0024). Although the difference between half and zero dose was not significant, there was a tendency where the higher the current output, the larger the CBF change. This strongly supported the notion that VNS could have an immediate effect on CBF change induced by a cognitive task.
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FIGURE 4. Grand averages of the hemoglobin (Hb) signal (A1,B1) and mean Hb signal (A2,B2) in responders (A) and non-responders (B) during the vagus nerve stimulation (VNS) at the task condition. In A1,B1, thick solid, thin solid and dotted lines indicate treatment dose, half dose, and zero dose, respectively. The shaded area around each line indicates the standard error of the mean values. Gray-shaded periods indicate the stimulation block. The mean Hb signal differed significantly between treatment and zero dose in responders (*p < 0.05). There were no differences between the doses in the non-responders.


The time course of hemoglobin signals of responders in Figure 5 demonstrated the dose-dependency in the degree of CBF change and suggested that the presence of differences in the hemoglobin signal initial increases among doses. Thus, we examined the rHbSs. First, we compared rHbSs between responders and non-responders at each VNS dose. At the treatment dose, the rHbS was significantly higher in responders than in non-responders (p < 0.0001), but not at the half (p = 0.561) or zero (p = 0.218) doses. We then compared the rHbSs at the VNS doses, separately in responders and non-responders, to study VNS dose-dependency. Repeated-measures ANOVA revealed significant differences in responders (p < 0.0001) and non-responders (p < 0.0001; Figure 5, see Supplementary Figure 2 for box-whisker plot version of this figure with each data point). Post hoc analysis found significant differences between treatment and half dose (p < 0.0001) and treatment and zero dose (p < 0.0001) in the responders. Treatment and zero dose (p = 0.002) and half and zero dose (p = 0.003) differed significantly in the non-responders.
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FIGURE 5. Grand averages of the change in the hemoglobin (Hb) signal per second (A1,B1) and mean rise in Hb signal (A2,B2) in responders (A) and non-responders (B) during the vagus nerve stimulation (VNS) at the task condition. In A1,B1, thick solid, thin solid, and dotted lines indicate treatment dose, half dose, and zero dose, respectively. The shaded area around each line indicates the standard error of the mean values. Gray-shaded periods indicate the time range during which the rise in Hb signal was analyzed. We found significant differences in the mean rise in Hb signal between treatment and half doses and treatment and zero doses in responders (*p < 0.05 for both). There were also significant differences between treatment and zero doses and half and zero doses in non-responders (*p < 0.05).




DISCUSSION

We used NIRS to investigate changes in the CBF caused by VNS paired or not with a cognitive task, focusing on VNS immediate effects in patients at the chronic phase of VNS treatment. Our results showed that VNS did not alter the CBF at rest but amplified the CBF increase when accompanied by a cognitive task in VNS-responders. Importantly, this VNS effect was dose-dependent, supporting the conclusion that VNS caused the amplification of CBF increase. This is the first report to demonstrate biological evidence for dose-dependent brain modulation by pairing VNS with a cognitive/behavioral task. This result supports the validity of pairing VNS with rehabilitation and contributes to elucidating its mechanism.

Vagus nerve stimulation alone did not cause a change in CBF in the present study, neither in responders nor in non-responders. This finding is in line with the absence of studies reporting cerebral cortex CBF increase due to VNS. Although the verbal fluency task alone induced a CBF increase in responders and non-responders, the increase in both was similar. These findings show that the responders and non-responders responded similarly to either VNS or the verbal fluency task alone. Nevertheless, pairing VNS with the verbal fluency task amplified the CBF increase, but only in responders. This finding suggests that synchronized administration of VNS and a cognitive task is essential to facilitate cortical activation and that there is a common mechanism between CBF modulation and the anti-epileptic effect of VNS.

Various studies on the mechanism of the anti-epileptic effect of VNS have been conducted. EEG studies on the mechanism of VNS have a long history, in which animal studies have revealed desynchronization in the cerebral cortices (Magnes et al., 1961; Chase et al., 1967). Such cortical desynchronization has also been shown in human studies and was associated with the anti-epileptic effect of VNS (Nemeroff et al., 2006; Jaseja, 2010; Fraschini et al., 2013; Bodin et al., 2015). Besides, many CBF studies have been conducted in humans. In positron emission tomography studies, VNS-induced CBF increases were localized to the subcortical regions, including the thalamus (Ko et al., 1996; Henry et al., 2004). In contrast, single-photon emission computed tomography studies reported a decreased CBF in the thalamus (Ring et al., 2000; Van Laere et al., 2002). Although they were not necessarily consistent, most CBF studies have suggested that the thalamus is a key structure in the anti-epileptic effect of VNS. There have been several functional MRI studies on the VNS mechanism in the early days, before VNS was contraindicated for use in the MRI machine (Narayanan et al., 2002; Sucholeiki et al., 2002; Liu et al., 2003). These studies showed increased activity in the thalamus and cerebral cortices, in line with most CBF studies. Thus, it is assumed that VNS ameliorates epileptic seizures by causing cortical desynchronization through the thalamocortical network (Jaseja, 2010).

On the other hand, it is known that electrocorticographic spectral analysis shows cognitive/behavioral task-activated alpha-beta desynchronization in the cortex (Crone et al., 1998; Hirata et al., 2009), which is considered to reflect an engagement of the thalamocortical network (Neuper and Pfurtscheller, 2001). Considering the assumed mechanism of VNS anti-epileptic effect and the cortical activation observed as EEG desynchronization during a cognitive/behavioral task, it seems that VNS and the verbal fluency task in the present study acted simultaneously on the thalamocortical network and synergistically enhanced the cortical activity. The repetitive reinforcement of the thalamocortical network by pairing VNS with a specific task could elevate the responsiveness of the corresponding cortex, which might be the mechanism behind the effect of pairing VNS with rehabilitation. We demonstrated with NIRS that paired VNS, and the verbal fluency task increased the CBF more than the task alone, an important biological finding showing indirectly that VNS generates plasticity.

The dose-dependency of CBF observed in this study suggests various possibilities. First, the anti-epileptic effect of VNS is known to be dose-dependent (Ben-Menachem et al., 1994; Handforth et al., 1998). This similarity supports a common mechanism in VNS effects on CBF and epilepsy, as described above. Second, VNS is used to treat major depressive disorder, also with a dose-dependent effect (Aaronson et al., 2013). The CBF, when performing a verbal fluency task, was reported to be reduced in patients with major depressive disorder (Takizawa et al., 2014; Ho et al., 2020; Husain et al., 2020). Therefore, the improvement we observed in CBF responsiveness seems to share the same mechanism with the VNS effect on major depressive disorder. Third, we demonstrated that the time of CBF increase was also dose-dependent. The higher the dose, the faster the CBF increased. Porter et al. (2012) demonstrated the importance of temporal precision in paring VNS with a task for enhancing cortical plasticity. Therefore, the dose-dependency of the time of CBF increase found in this study suggests that precise timing of VNS and the task and a high enough VNS dose are necessary for efficient coupling between VNS and rehabilitation.

Finally, it should be noted that epileptic foci are known to have elevated levels of plasticity, which is characterized by (a) increments in the efficacy of synaptic transmission in pre-existing synapses; (b) induction of new synaptic connections and reordering of pre-existing contacts; and (c) improvement of the ability of neurons to become excited (Jarero-Basulto et al., 2018). In epileptic foci, these neuroplastic changes are thought to contribute to abnormal restructuring of the cortical functions. In the present study, we demonstrated dose-dependent CBF modulation in responders and assumed a common mechanism between CBF modulation and the anti-epileptic effect of VNS. From the standpoint of higher plasticity in epileptic foci, it could also be interpreted that anti-epileptic effect of VNS had optimized cortical plasticity in responders before CBF modulation was caused by VNS paired with a cognitive task.


Limitations

This study demonstrated that CBF was modified by paring VNS with a cognitive task. However, we can only speculate that VNS caused such changes by enhancing cortical desynchronization by recruiting the thalamocortical network or that VNS could generate plasticity in the cerebral cortex by repeating the paired stimulation. It is expected that intracranial EEG could verify whether pairing VNS with a cognitive/behavioral task could cause desynchronization in the cerebral cortex.

The 11 channels used in the NIRS measurement were in the bilateral frontal regions and mainly reflected signals from the frontal lobe cortex. Most participants had either wide, multiple, or unknown epileptic foci. Therefore, it is unclear how the epileptic foci distribution affected the blood flow response in the frontal lobe.



CONCLUSION

We investigated the immediate effect of VNS on the CBF at rest and during a cognitive task using NIRS. The CBF did not change with VNS stimulation alone, but it increased when the VNS was paired with a cognitive task in a dose-dependent manner in the responder group. It is suggested that VNS amplifies the increase in CBF during cognitive tasks through a mechanism similar to its anti-epileptic effect. This could be an important biological proof of the validity of pairing VNS with rehabilitation.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because participants of this study did not agree for their data to be shared publicly. Requests to access the datasets should be directed to corresponding author (nkunii@nsurg.jp).



ETHICS STATEMENT

The involving human participants were reviewed and approved by the Research Ethics Committee, Graduate School of Medicine and Faculty of Medicine, The University of Tokyo. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

NK, SS, and TK conceptualized the research, and analyzed and interpreted the data. TK and SS performed data curation. NK and TK drafted the manuscript. KK and NS supervised and revised the manuscript. All authors approved the final version of the manuscript.



ACKNOWLEDGMENTS

The authors thank the patients who participated in this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2021.726087/full#supplementary-material



REFERENCES

Aaronson, S. T., Carpenter, L. L., Conway, C. R., Reimherr, F. W., Lisanby, S. H., Schwartz, T. L., et al. (2013). Vagus nerve stimulation therapy randomized to different amounts of electrical charge for treatment-resistant depression: acute and chronic effects. Brain Stimul. 6, 631–640. doi: 10.1016/j.brs.2012.09.013

Ben-Menachem, E., Manon-Espaillat, R., Ristanovic, R., Wilder, B. J., Stefan, H., Mirza, W., et al. (1994). Vagus nerve stimulation for treatment of partial seizures: 1. A controlled study of effect on seizures. First International Vagus Nerve Stimulation Study Group. Epilepsia 35, 616–626. doi: 10.1111/j.1528-1157.1994.tb02482.x

Bodin, C., Aubert, S., Daquin, G., Carron, R., Scavarda, D., McGonigal, A., et al. (2015). Responders to vagus nerve stimulation (VNS) in refractory epilepsy have reduced interictal cortical synchronicity on scalp EEG. Epilepsy Res. 113, 98–103. doi: 10.1016/j.eplepsyres.2015.03.018

Chase, M. H., Nakamura, Y., Clemente, C. D., and Sterman, M. B. (1967). Afferent vagal stimulation: neurographic correlates of induced EEG synchronization and desynchronization. Brain Res. 5, 236–249. doi: 10.1016/0006-8993(67)90089-3

Crone, N. E., Miglioretti, D. L., Gordon, B., Sieracki, J. M., Wilson, M. T., Uematsu, S., et al. (1998). Functional mapping of human sensorimotor cortex with electrocorticographic spectral analysis. I. Alpha and beta event-related desynchronization. Brain 121(Pt. 12), 2271–2299. doi: 10.1093/brain/121.12.2271

Dawson, J., Engineer, N. D., Prudente, C. N., Pierce, D., Francisco, G., Yozbatiran, N., et al. (2020). Vagus nerve stimulation paired with upper-limb rehabilitation after stroke: one-year follow-up. Neurorehabil. Neural Repair 34, 609–615. doi: 10.1177/1545968320924361

DeGiorgio, C. M., Schachter, S. C., Handforth, A., Salinsky, M., Thompson, J., Uthman, B., et al. (2000). Prospective long-term study of vagus nerve stimulation for the treatment of refractory seizures. Epilepsia 41, 1195–1200. doi: 10.1111/j.1528-1157.2000.tb00325.x

Elliott, R. E., Morsi, A., Kalhorn, S. P., Marcus, J., Sellin, J., Kang, M., et al. (2011). Vagus nerve stimulation in 436 consecutive patients with treatment-resistant epilepsy: long-term outcomes and predictors of response. Epilepsy Behav. 20, 57–63. doi: 10.1016/j.yebeh.2010.10.017

Engineer, N. D., Riley, J. R., Seale, J. D., Vrana, W. A., Shetake, J. A., Sudanagunta, S. P., et al. (2011). Reversing pathological neural activity using targeted plasticity. Nature 470, 101–104. doi: 10.1038/nature09656

Fraschini, M., Puligheddu, M., Demuru, M., Polizzi, L., Maleci, A., Tamburini, G., et al. (2013). VNS induced desynchronization in gamma bands correlates with positive clinical outcome in temporal lobe pharmacoresistant epilepsy. Neurosci. Lett. 536, 14–18. doi: 10.1016/j.neulet.2012.12.044

Handforth, A., DeGiorgio, C. M., Schachter, S. C., Uthman, B. M., Naritoku, D. K., Tecoma, E. S., et al. (1998). Vagus nerve stimulation therapy for partial-onset seizures: a randomized active-control trial. Neurology 51, 48–55. doi: 10.1212/wnl.51.1.48

Helmers, S. L., Wheless, J. W., Frost, M., Gates, J., Levisohn, P., Tardo, C., et al. (2001). Vagus nerve stimulation therapy in pediatric patients with refractory epilepsy: retrospective study. J. Child Neurol. 16, 843–848. doi: 10.1177/08830738010160111101

Henry, T. R., Bakay, R. A., Pennell, P. B., Epstein, C. M., and Votaw, J. R. (2004). Brain blood-flow alterations induced by therapeutic vagus nerve stimulation in partial epilepsy: II. Prolonged effects at high and low levels of stimulation. Epilepsia 45, 1064–1070. doi: 10.1111/j.0013-9580.2004.03104.x

Hirata, M., Goto, T., Barnes, G., Umekawa, Y., Yanagisawa, T., Kato, A., et al. (2009). Language dominance and mapping based on neuromagnetic oscillatory changes: comparison with invasive procedures. J. Neurosurg. 112, 528–538. doi: 10.3171/2009.7.JNS09239

Ho, C. S. H., Lim, L. J. H., Lim, A. Q., Chan, N. H. C., Tan, R. S., Lee, S. H., et al. (2020). Diagnostic and predictive applications of functional near-infrared spectroscopy for major depressive disorder: a systematic review. Front. Psychiatry 11:378. doi: 10.3389/fpsyt.2020.00378

Hoshi, Y., Kobayashi, N., and Tamura, M. (2001). Interpretation of near-infrared spectroscopy signals: a study with a newly developed perfused rat brain model. J. Appl. Physiol. (1985) 90, 1657–1662. doi: 10.1152/jappl.2001.90.5.1657

Husain, S. F., Yu, R., Tang, T. B., Tam, W. W., Tran, B., Quek, T. T., et al. (2020). Validating a functional near-infrared spectroscopy diagnostic paradigm for major depressive disorder. Sci. Rep. 10:9740. doi: 10.1038/s41598-020-66784-2

Janszky, J., Hoppe, M., Behne, F., Tuxhorn, I., Pannek, H. W., and Ebner, A. (2005). Vagus nerve stimulation: predictors of seizure freedom. J. Neurol. Neurosurg. Psychiatry 76, 384–389. doi: 10.1136/jnnp.2004.037085

Jarero-Basulto, J. J., Gasca-Martinez, Y., Rivera-Cervantes, M. C., Urena-Guerrero, M. E., Feria-Velasco, A. I., and Beas-Zarate, C. (2018). Interactions between epilepsy and plasticity. Pharmaceuticals (Basel) 11:17. doi: 10.3390/ph11010017

Jaseja, H. (2010). EEG-desynchronization as the major mechanism of anti-epileptic action of vagal nerve stimulation in patients with intractable seizures: clinical neurophysiological evidence. Med. Hypotheses 74, 855–856. doi: 10.1016/j.mehy.2009.11.031

Kawai, K., Tanaka, T., Baba, H., Bunker, M., Ikeda, A., Inoue, Y., et al. (2017). Outcome of vagus nerve stimulation for drug-resistant epilepsy: the first three years of a prospective Japanese registry. Epileptic Disord. 19, 327–338. doi: 10.1684/epd.2017.0929

Khodaparast, N., Kilgard, M. P., Casavant, R., Ruiz, A., Qureshi, I., Ganzer, P. D., et al. (2016). Vagus nerve stimulation during rehabilitative training improves forelimb recovery after chronic ischemic stroke in rats. Neurorehabil. Neural Repair 30, 676–684. doi: 10.1177/1545968315616494

Kimberley, T. J., Pierce, D., Prudente, C. N., Francisco, G. E., Yozbatiran, N., Smith, P., et al. (2018). Vagus nerve stimulation paired with upper limb rehabilitation after chronic stroke. Stroke 49, 2789–2792. doi: 10.1161/STROKEAHA.118.022279

Ko, D., Heck, C., Grafton, S., Apuzzo, M. L., Couldwell, W. T., Chen, T., et al. (1996). Vagus nerve stimulation activates central nervous system structures in epileptic patients during PET H2(15)O blood flow imaging. Neurosurgery 39, 426–430;discussion430–421. doi: 10.1097/00006123-199608000-00061

Liu, W. C., Mosier, K., Kalnin, A. J., and Marks, D. (2003). BOLD fMRI activation induced by vagus nerve stimulation in seizure patients. J. Neurol. Neurosurg. Psychiatry 74, 811–813. doi: 10.1136/jnnp.74.6.811

Magnes, J., Moruzzi, G., and Pompeino, O. (1961). Synchronization of the EEG produced by low frequency stimulation of the region of the solitary tract. Arch. Ital. Biol. 99, 33–67.

Narayanan, J. T., Watts, R., Haddad, N., Labar, D. R., Li, P. M., and Filippi, C. G. (2002). Cerebral activation during vagus nerve stimulation: a functional MR study. Epilepsia 43, 1509–1514. doi: 10.1046/j.1528-1157.2002.16102.x

Nemeroff, C. B., Mayberg, H. S., Krahl, S. E., McNamara, J., Frazer, A., Henry, T. R., et al. (2006). VNS therapy in treatment-resistant depression: clinical evidence and putative neurobiological mechanisms. Neuropsychopharmacology 31, 1345–1355. doi: 10.1038/sj.npp.1301082

Neuper, C., and Pfurtscheller, G. (2001). Event-related dynamics of cortical rhythms: frequency-specific features and functional correlates. Int. J. Psychophysiol. 43, 41–58. doi: 10.1016/s0167-8760(01)00178-7

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., et al. (2004). Three-dimensional probabilistic anatomical cranio-cerebral correlation via the international 10-20 system oriented for transcranial functional brain mapping. Neuroimage 21, 99–111. doi: 10.1016/j.neuroimage.2003.08.026

Porter, B. A., Khodaparast, N., Fayyaz, T., Cheung, R. J., Ahmed, S. S., Vrana, W. A., et al. (2012). Repeatedly pairing vagus nerve stimulation with a movement reorganizes primary motor cortex. Cereb Cortex 22, 2365–2374. doi: 10.1093/cercor/bhr316

Ramsay, R. E., Uthman, B. M., Augustinsson, L. E., Upton, A. R., Naritoku, D., Willis, J., et al. (1994). Vagus nerve stimulation for treatment of partial seizures: 2. Safety, side effects, and tolerability. First International Vagus Nerve Stimulation Study Group. Epilepsia 35, 627–636. doi: 10.1111/j.1528-1157.1994.tb02483.x

Ring, H. A., White, S., Costa, D. C., Pottinger, R., Dick, J. P., Koeze, T., et al. (2000). A SPECT study of the effect of vagal nerve stimulation on thalamic activity in patients with epilepsy. Seizure 9, 380–384. doi: 10.1053/seiz.2000.0438

Sucholeiki, R., Alsaadi, T. M., Morris, G. L. III, Ulmer, J. L., Biswal, B., and Mueller, W. M. (2002). fMRI in patients implanted with a vagal nerve stimulator. Seizure 11, 157–162. doi: 10.1053/seiz.2001.0601

Takizawa, R., Fukuda, M., Kawasaki, S., Kasai, K., Mimura, M., Pu, S., et al. (2014). Neuroimaging-aided differential diagnosis of the depressive state. Neuroimage 85(Pt. 1), 498–507. doi: 10.1016/j.neuroimage.2013.05.126

Van Laere, K., Vonck, K., Boon, P., Versijpt, J., and Dierckx, R. (2002). Perfusion SPECT changes after acute and chronic vagus nerve stimulation in relation to prestimulus condition and long-term clinical efficacy. J. Nucl. Med. 43, 733–744.

Villringer, A., Planck, J., Hock, C., Schleinkofer, L., and Dirnagl, U. (1993). Near infrared spectroscopy (NIRS): a new tool to study hemodynamic changes during activation of brain function in human adults. Neurosci. Lett. 154, 101–104. doi: 10.1016/0304-3940(93)90181-j

Watanabe, E., Maki, A., Kawaguchi, F., Takashiro, K., Yamashita, Y., Koizumi, H., et al. (1998). Non-invasive assessment of language dominance with near-infrared spectroscopic mapping. Neurosci. Lett. 256, 49–52. doi: 10.1016/s0304-3940(98)00754-x

Yuan, H., and Silberstein, S. D. (2016). Vagus nerve and vagus nerve stimulation, a comprehensive review: part III. Headache 56, 479–490. doi: 10.1111/head.12649


Conflict of Interest: NK and SS disclose grant-in-aid from LivaNova PLC for their participation in the Comprehensive Outcomes Registry in Subjects with Epilepsy Treated with Vagus Nerve Stimulation Therapy, independent of this study. KK discloses personal fees from LivaNova Japan and Nihon Kohden Corporation, independent of this study. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kunii, Koizumi, Kawai, Shimada and Saito. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnhum-15-726087-g004.jpg
A1

Responder

04

Hb Signal [mMmm]

= Treatment dose
—— Half dose
-=-== Zerodose o

-30

-10 0 60 110 115

Time [sec]

Non-responder

= Treatment dose
—— Half dose
===~ Zerodose 8

B1
04
03 -
‘E
E
=
&
®
&
2
el
I
-0
-30

-10 o 60 110 115

Time [sec]

Mean of Hb Signal [nMmm]

B2

Mean of Hb Signal [nMmm]

0.25

0.20

0.15

0.10

0.05

0.20

0.15

0.10

0.05

Responder

Zero dose

Zero dose

*
Treatment
dose Half dose
Non-responder
Treatment Half dose
dose





OPS/images/fnhum-15-726087-g005.jpg
Hb Signal Change per second [mMMmm/s]

Hb Signal Change per second [mMmm/s]

Responder

o

o

>
T

o
=

- 001

- 002

== Treatment dose
— Half dose

- -~ Zerodose

—30

-10 0 30 60 110 115

Time [sec]

o

o

>
T

o
2

- 001

Non-responder

=== Treatment dose
— Half dose
- == Zerodose

- 002
—30

-0 o 30 60 110 115

Time [sec]

Mean of Rise of Hb Signal [nMmm/s]

B2

Mean of Rise of Hb Signal [mMmm/s]

005

004

003

002

0.01

0.05

0.04

003

0.02

0.01

Responder

%
| *
Treatment
dose Half dose Zero dose
Non-responder
*
‘ *
Treatment
dsee Half dose Zero dose





OPS/images/fnhum-15-726087-g002.jpg
A1 Treatment dose
0.4 T T T T
= Responder
=== Non-responder
03 B
E
£ 02 B
=
E
E
&
(2]
2 o1t 1
I

Time [sec]
B1 Half dose
0.4 T T T T
= Responder
=== Non-responder
03 + B
E
£ 02 - R
=
£
]
@
(2]
2 01t 1
o,
0
-0.1 ! ! L
-30 -10 0 60 110 115

Time [sec]

Mean of Hb Signal [mMmm]

B2

Mean of Hb Signal [mMmm]

0.25

0.20

0.15

0.10

005

0.25

0.20

0.15

0.10

005

- 005

Treatment dose

Responder

—

Responder

Half dose

Non-responder

Non-responder





OPS/images/fnhum-15-726087-g003.jpg
Hb Signal [mMmm]

0.4

0.3

= Responder

=== Non-Responder

-0.1
-30

-10

Time [sec]

60

110

115

Mean of Hb Signal [mMmm]

025

020

0.15

0.10

005

Responder

Non-responder





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Vagus Nerve Stimulation Amplifies Task-Induced Cerebral Blood Flow Increase



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Near-Infrared Spectroscopy



		Measurement Environment and Task Paradigm



		Data Analysis







		RESULTS



		Participants Characteristics



		Cerebral Blood Flow Change During the rVNS



		Cerebral Blood Flow Changes During the tVNS







		DISCUSSION



		Limitations







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
’ frontiers _
In Human Neuroscience

Vagus Nerve Stimulation
Amplifies Task-Induced Cerebral
Blood Flow Increase









OPS/images/fnhum-15-726087-g001.jpg
A pre-sgln(;gllation stirmulation biock post-sg}gﬁctlilation
VNS | ' :
665 ' 60s ' 665 '
B /al, i/, /u/, le/, /o/ /al, i/, /u/, le/, /o/
/to/  /ki/ /ol
30s 1 20si 20s i 20s. 66s

5 s 1 . ' 1 3 5
pre-stimulation ' stimulation block ' post-stimulation
1

IIIIIIII“IIIIIIIIIIIIIIIII:

block block
66s 60s 665
C — —
< Stimulation 5 — oxy-Hb
0.5
= 047 Risein 4 |
£ Hb Signal &'
E 0.3 A_'_
= e R
& 02
wn
Q
I
0.1
0
-30 -10 O 60 110 115

Time [sec]





OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





OPS/images/fnhum-15-726087-t001.jpg
Responder (n = 8) Non-responder (n = 13) p-value

Age, year 0.0275°
Mean (range) 30 (18-43) 39 (29-51)

Sex, n (%) 1.002
Male 5 (62.5) 7 (63.8)

Female 3(37.5) 6 (46.2)

Age at onset, year 0.225°
Mean (range) 11 (0-25) 16 (0-32)

Age at implantation, year 0.0405°
Mean (range) 26 (12-43) 36 (21-50)

Duration of VNS treatment, month

Mean (range) 45 (9-103) 36 (10-107) 0.523°
Output current, mA

Mean (range) 1.75 (1.00-2.75) 1.62 (0.75-2.50) 0.623°
Verbal IQ

Mean (range) 70 (50-96) 77 (47-94)¢° 0.367°
Previous epilepsy surgery, n (%) 2(25.9 7 (53.8) 0.3672

aChi-squared test.

bTwo-tailed t-test.

®Data were not available for three subjects.
VNS, vagus nerve stimulation.
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