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Objective: HIV infection is associated with impaired cognition, and as individuals grow older, they may also experience age-related changes in mental abilities. Previous studies have shown that computer-based cognitive training (CCT) and transcranial direct current stimulation (tDCS) may be useful in improving cognition in older persons. This study evaluated the acceptability of CCT and tDCS to older adults with HIV-associated neurocognitive disorder, and assessed their impact on reaction time, attention, and psychomotor speed.

Methods: In a single-blind randomized study, 46 individuals with HIV-associated mild neurocognitive disorder completed neuropsychological assessments and six 20-min training sessions to which they had been randomly assigned to one of the following conditions: (1) CCT with active tDCS; (2) CCT with sham tDCS, or (3) watching educational videos with sham tDCS. Immediately after training and again 1 month later, participants completed follow-up assessments. Outcomes were evaluated via repeated measures mixed effects models.

Results: Participant ratings of the intervention were positive. Effects on reaction time were not significant, but measures of attention and psychomotor speed suggested positive effects of the intervention.

Conclusion: Both CCT and tDCS were highly acceptable to older persons with HIV infection. CCT and tDCS may improve cognitive in affected individuals.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [NCT03440840].

Keywords: ranscranial direct current stimulation, computer-delivered cognitive training, human immunodeficiency virus, cognition, HIV-associated neurocognitive disorder, mild neurocognitive disorder


INTRODUCTION

While there has been significant progress in the treatment of HIV infection using multiple antiretroviral medications, HIV-association neurocognitive disorders (HANDs) continue to be seen in affected individuals, even when their viral loads are non-detectable (Heaton et al., 2010). HANDs are clinically significant because of their impact on patients’ everyday functioning (Thames et al., 2011a,b, 2013), medication adherence (Hinkin et al., 2002, 2004; Thames et al., 2013), and quality of life (Tozzi et al., 2003; Degroote et al., 2013, 2014; Moore et al., 2014). In older persons, HANDs may have an additive or even synergistic effect in older persons, combining the influences of chronic HIV infection and cognitive aging (Valcour et al., 2004; Wendelken and Valcour, 2012).

Few treatments are available for HAND. Stimulants can improve cognition in HAND but may be abused by vulnerable individuals and have undesirable adverse effects (Hinkin et al., 2001). Other medication treatments have been studied, but none has demonstrated clear efficacy (Antinori et al., 2007; Schifitto et al., 2007, 2009; Sacktor et al., 2011; Nakasujja et al., 2013; Decloedt et al., 2016). Other researchers have suggested that computer-delivered cognitive training (CCT) may be useful in HAND (Vance et al., 2012, 2019; Cody and Vance, 2016), but specialized CCT software is not always readily available or affordable. Further, many programs created for CCT are not inherently interesting, reducing users’ motivations for continued use after completing a study for which they were compensated. Another approach may be to use computer gaming software that is already available as a CCT intervention (Zelinski and Reyes, 2009; Bonnechère et al., 2020). CCT software developers have sought to increase the inherent interest in their programs through gamification (Green and Seitz, 2015) to enhance their inherent interest, but many computer games are on the market now and often available at little or no cost. In addition, existing games depend on sustained use by players for their commercial success. Games such as these are interesting to players and include elements that engage them. First-person shooters (in which players use weapons to shoot at fictional enemies) can affect sustained attention and reaction time (Green and Seitz, 2015), however, some players may object to this type of game’s violent content (Wu and Spence, 2013; Green and Seitz, 2015).

Another established genre are games that provide players the simulated experience of car racing. These games require attention and psychomotor speed while using content that may be less objectionable. Use of one car racing game, created for a research study, was associated with better mental functioning in older persons (Anguera et al., 2013). Other researchers have commented on the possible usefulness of commercial computer games in addressing mental functioning in persons 50 years of age and older (Basak et al., 2008; Zelinski and Reyes, 2009; Belchior et al., 2012, 2016; Bavelier and Green, 2016). Car racing games can engage and hold players’ interest, potentially allowing them to continue cognitive training over extended periods. Researchers have shown that an off-the-shelf game that demanded mental speed resulted in longer use by older individuals when compared to a typical CCT program (Belchior et al., 2012, 2016). Game play has been related to long-term mental training results, with effects evident in other cognitive domains besides those specifically trained (Cardoso-Leite and Bavelier, 2014). Gaming has been shown, for example, to have a positive impact on the ability to regulate and direct mental processes (Anguera et al., 2013). Games may thus be effective for training and can engage users in a sustained fashion.

Players’ adherence to regular game play, however, may also be limited even if games are more engaging that other forms of cognitive training. Recent research on ways to encourage users of self-help software has shown that specific game characteristics, such as daily activities to be completed, can help users establish regular play in brief sessions (e.g., 15 min) (Alexandrovsky et al., 2019, 2021). In addition, the effect of type of game play on player motivation may vary across the lifespan (Birk et al., 2017).

Transcranial direct current stimulation (tDCS) in combination with CCT has been shown to improve cognitive functioning (Coffman et al., 2012; Martin et al., 2013, 2014; Trumbo et al., 2016; Lawrence et al., 2017, 2018; Leshikar et al., 2017). tDCS is implemented by applying moistened sponge electrodes to a person’s scalp and passing through a very small direct current (1–2 mA). tDCS research has shown that it can have a positive impact on various mental abilities, including verbal problem solving (Cerruti and Schlaug, 2009), working memory (Fregni et al., 2005; Zaehle et al., 2011; Heimrath et al., 2012), and learning (Clark et al., 2012; Floel et al., 2012).

How tDCS affects mental function is not definitively established, however, it has been shown to stimulate brain-derived neurotrophic growth factor (BDNF) in the motor cortex (Fritsch et al., 2010). This may be especially relevant in treating persons with HAND as BDNF is affected in HIV infection (Bachis et al., 2012; Avdoshina et al., 2013), and implicated in cognitive decline in older persons (Buchman et al., 2016). Increases in BDNF might be expected to exert a positive effect on mental functioning in persons with HAND. It may be noted, however, that multiple mechanisms for the effect of tDCS on cognition have been suggested (Yamada and Sumiyoshi, 2021).

We previously completed a pilot study of game-based CCT comparing its combination with active and sham tDCS in persons 50 years and older with HAND (Ownby and Acevedo, 2016). Results suggested that the intervention was acceptable to participants and that it may have had positive effects on their attention and working memory. In the follow-up study reported here, we further explore the acceptability and efficacy of a game-based CCT intervention combined with tDCS in older persons with HIV infection. We hypothesized that CCT with tDCS would be acceptable to persons 50 years of age and older with HAND. We also hypothesized that CCT would be associated with improved reaction time, psychomotor speed, and attention and that the combination of active tDCS with CCT would be superior to CCT alone.



MATERIALS AND METHODS


Participants

Participants were individuals 50 years of age and older with HIV infection. Diagnosis of HAND was established through review of recent laboratory results, clinical evaluation, and neuropsychological testing. All participants stated they subjectively experienced cognitive difficulties and, after assessment, were found to have impairment of mental functioning in two or more cognitive domains while not having dementia, thus meeting Frascati criteria for mild neurocognitive disorder (Antinori et al., 2007). Potential participants were excluded if they had characteristics that might have increased risk to them from tDCS, such as seizures or bipolar disorder (Galvez et al., 2011; Brunoni et al., 2013). Use of many psychotropic medications was also an exclusion criterion, as the pharmacologic activity of many of these drugs can affect tDCS (Medeiros et al., 2012; McLaren et al., 2018). Medications that were exclusions included those affecting serotonin, such as many antidepressants, dopamine, such as stimulants and antipsychotics, and gamma-amino butyric acid, such as benzodiazepines. Left-handed participants were excluded as our intent was to stimulate the dominant dorsolateral prefrontal cortex.



Procedures


Recruitment and Determination of Eligibility

Participants were first recruited from individuals who had been in a previous study. We also recruited from local service providers for persons with HIV. A number of participants referred friends or acquaintances. We distributed flyers in several areas of Broward County, Florida, known to have a high prevalence of HIV infection, as well as advertising in a local newspaper and creating a Facebook page.

Interested individuals were contacted for a telephone interview to establish that they had complaints of cognitive difficulties, using questions published by the European AIDS Clinical Society (European AIDS Clinical Society, 2015). In this interview, we inquired about use of medications that might lead to exclusion, and whether the person was willing to be in a study of CCT and tDCS. All were being treated for HIV infection and had been on their current medication regimen for at least the past month. Individuals who, from this telephone interview, appeared likely to be eligible were asked to come to our offices for individual assessment.

At this assessment, potential participants completed a series of cognitive assessments (marked with an asterisk in Table 1). The battery was selected to allow evaluation of areas often affected in HANDs (Woods et al., 2009). Attention and working memory were evaluated with the Digit Span subtests of the Wechsler Adult Intelligence Scale, 4th edition, or WAIS-IV (Wechsler, 2008). Psychomotor speed was evaluated with the Coding subtest of the WAIS-IV and Grooved Pegboard Test (Lafayette Instrument Company, 2002). Executive function was measured with the Trail Making Test, Part B (Lezak, 2004). Verbal fluency was assessed with the Verbal Fluency test of the Delis-Kaplan Executive Function System (Delis et al., 2001). Verbal learning and memory were assessed with the Hopkins Verbal Learning Test—Revised or HVLT-R (Brandt and Benedickt, 2001), and visual learning and memory with the Brief Visuospatial Memory Test, or BVMT-R (Benedict et al., 1996).


TABLE 1. Cognitive and functional measures used.

[image: Table 1]Cognitive impairment for the purpose of establishing the diagnosis of mild neurocognitive disorder was defined as a score in at least two ability areas that was below population norms by at least one standard deviation. Participants were treated for HIV infection that included ongoing laboratory measures of treatment effects (HIV-1 viral load and CD4 cell counts). Individuals in the study brought recent laboratory results, allowing us to verify their HIV status and know their current treatment and immune status. All medications were also brought to this visit to allow verification of current medication use. Persons who met entry criteria then completed the additional assessments as described in the next section.



Acceptability

We used several strategies to evaluate the feasibility and acceptability of the CCT with tDCS intervention to participants. We used a questionnaire based on the Technology Acceptance Model, or TAM (Venkatesh et al., 2003; Venkatesh and Bala, 2008), the dimensions of which have received substantial support for use with digital health technologies (Binyamin and Zafar, 2021). The model specifies that users’ perceptions of an application’s ease of use and usefulness are related to their future intention to use the application. We hypothesized that if the intervention were viewed favorably by participants, their average rating on the Usefulness and Ease of Use scales of this questionnaire would be significantly different from the midpoint of the scale in a positive direction. Participants rated subscale items on a seven-point Likert-type scale anchored at one end with “strongly disagree” and at the other “strongly agree.”

Another scale was developed based on a model balancing risks and benefits of a treatment was used to develop a questionnaire assessing users’ perceptions of the balance between an intervention’s risks and benefits (Atkinson et al., 2004, 2005). Participants were asked, for example, if they experienced benefits from the intervention and adverse effects from it. They were then asked to provide an overall judgment as to whether the benefits of the intervention outweighed its adverse effects. Spontaneous comments about the intervention made by participants during training sessions were recorded verbatim.



Cognitive Measures

In order to evaluate possible cognitive effects of the intervention more comprehensively, participants additional assessments after determination of their eligibility. Use of these measures allowed tests of the study’s hypothesis that participants receiving the active interventions would display better performance than control participants in reaction time, attention, and psychomotor speed.

In order to evaluate intervention effects on participants’ reaction time, they completed the California Computerized Assessment Package (Miller, 2013). To further evaluate the effects of the intervention on executive functions, participants also completed the Stroop Color Word Test (Golden, 1978), the Iowa Gambling Task (Bechara et al., 2005), and the Design Fluency subtest of the Delis-Kaplan Executive Function System (Delis et al., 2001). Finally, to assess whether the intervention had an impact on everyday functional performance, participants completed the Medication Management Test—Revised, a measure of the person’s ability to understand and carry out medication-related tasks (Albert et al., 1999) and the University of San Diego Scales of Observed Performance (Patterson et al., 2001), assessing their ability to perform everyday tasks such as making a medical appointment and paying a bill. Finally, in order to provide an estimate of participants’ premorbid level of functioning, they completed the Wechsler Test of Adult Reading (Wechsler, 2001).



Other Self-Report Measures

The assessment battery also included the Patient’s Assessment of Own Functioning or PAOF (Chelune et al., 1986). This measure asks the individual to self-report their experience of mental problems in several domains such as language, perception, and memory. It has been used in other studies of HAND (Rourke et al., 1999). We also used the Center for Epidemiological Studies Depression scale or CESD (Radloff, 1977) to assess participants’ symptoms of depression. All self-report assessments were completed using computer software that read questions aloud and enabled participants to record their responses by tapping on the computer screen.



Compensation

After these initial assessments were done, individuals in the study were asked to return to begin the intervention. Participants received compensation for their involvement, US $80 for the baseline and follow-up sessions, and $40 for each intervention visit.



Computer-Based Cognitive Training

At the first training visit (after completion of baseline assessments), participants were assigned to intervention group using a computer-created randomization scheme. The scheme was generated via random numbers in a predetermined block (n = 3) randomization scheme. Participants were enrolled by the study coordinator (who was blind to treatment assignment) and assigned by the unblinded principal investigator who also conducted all training sessions.

First, procedures regarding the administration of tDCS and the use of the game controller (an Xbox game controller with USB interface to a Windows computer). The participant sat in front of and to the right of the researcher; the participant could not see the direct current device for tDCS or the researcher taking notes during training. For all participants, the anode electrode was located over the left dorsolateral prefrontal cortex (10–20 system F3) and the cathode over the right supraorbital area (FP2) (Acharya et al., 2016). This montage was used because of the likely effect of stimulation at this site on the left dorsolateral prefrontal cortex. This area of the brain was chosen for stimulation as it is known to be involved in complex executive functions such as control of cognitive processes and attention (Leh et al., 2010; Brosnan and Wiegand, 2017), and previous research has shown that its stimulation may affect relevant executive cognitive functions (Elmer et al., 2009; Javadi and Walsh, 2012; Trémolière et al., 2018; Angius et al., 2019). We also completed a computer simulation analysis of the likely current density that would result from the chosen montage (Figure 1) using commercially available software (HD Explore; Soterix Medical, Woodbridge NJ, United States).


[image: image]

FIGURE 1. Computer simulation of current flow.


Soterix EASYPads, doubled sponges with dimensions of 5 cm × 5 cm (Soterix Medical: New York) were used as electrodes. Approximately 7 cc of sterile saline was used to moisten them. They were positioned by the researcher and then fixed in place with a head band. Current for the tDCS intervention was supplied with an iontophoresis device (ActivaDose II; Gilroy, CA: Activatek). Flat rubberized carbon electrodes were inserted into the moistened sponges. Impedances were assessed before each session and kept below 20K ohms prior to stimulation.

We told people in the study that they might experience minor discomfort at the beginning of the session and that the experience might persist or fade away during the intervention (Brunoni et al., 2013). We then asked the persons in the study to pay attention to the computer while the game was set up and the tDCS intervention was begun. Individuals in the active tDCS group received a current of 1.5 mA, ramping up over 30 s and continuing for 20 min. Individuals in the sham tDCS group and the control group received the ramping up current for 30 s which was then ramped down over 30 s.

The cognitive training intervention in this study was a commercially available car racing game GT Racing 2 (Gameloft SE: Paris, France). This game was chosen because it was easy for most persons and was positively reviewed by a large number of users. We inferred from these characteristics that the participants in the study would find the content tolerable and might even enjoy playing the game. The game includes a several different race courses and types of races to enhance player interest. Game play required that each participant complete each course before moving on to the next. Everyone in the study randomized to CCT was able to complete at least the first four courses during six training sessions.

We encouraged participants to complete each gaming session at their desired pace, although the game imposed some restrictions on their progress. Players had to finish each race in one of the top three places, or navigate a course within a predetermined time, before moving on to the next course. We required as well that participants do each course a minimum of five times. Persons in the study completed six training sessions over a 2-week period. After each intervention session, participants were asked to provide ratings of their thinking, their mood, and how much discomfort they had experienced during the intervention.

Assessments and intervention sessions were completed within 3 weeks from the baseline evaluation. After participants finished the sixth intervention session, they returned to complete cognitive and self-report assessment. Cognitive evaluations were completed by staff who did not know the participant’s intervention group assignment. About 30 days after completing the intervention sessions and follow-up evaluations, persons in the study were asked to return to again complete assessments. All data were collected in the General Clinical Research Center at the Center for Collaborative Research on the campus of Nova Southeastern University beginning in January 2018 and ending in November 2019. The study was concluded at the end of the period of funding support.



Human Subjects Approval and Trial Registration

Study procedures were approved by the Institutional Review Board of Nova Southeastern University (protocol number 2017-410). This study was registered on ClinicalTrials.gov (NCT03440840).



Data Analyses

Planned sample size was determined prior to beginning the study using the mixed effects model simulation routine in PASS 16 (Hintze, 2018). The power analysis showed that a final sample size of 90 (30 per treatment group) would have a power of 0.88 to detect interactions of group membership with time (number of evaluations) with a small effect size (Cohen, 1988; Brydges, 2019).

Data analyses were completed in several steps. Preliminary analyses of data and descriptive statistics were obtained using SPSS version 26 (Armonk NY: IBM). Chi-square and one-way ANOVA tests evaluating the relations of participant ratings of the acceptability and feasibility of the intervention to group assignment were also completed in SPSS. Analyses of treatment effects were completed using R version 4.0.2 (R Core Team, 2020) package lme4 (Bates et al., 2015) for mixed effects models. Significance of model effects (interaction of treatment group assignment with time) was assessed using the likelihood ratio test (Kuznetsova et al., 2017). We evaluated outcomes both through tests of statistical significance as well as approximations of effect size from χ2-values from likelihood ratio tests and t-values obtained in tests of between-group differences obtained using emmeans (Lenth, 2020). Effect sizes were converted to the more familiar d statistic using the package esc (Ludecke, 2019). As a post hoc assessment not included in the original study protocol the probability of finding the observed number of treatment effects in the hypothesized direction was evaluated using the exact binomial test in the package stats.



RESULTS

The study’s CONSORT diagram (Moher, 1998) is presented in Figure 2. Demographic, educational and baseline scores for cognitive and functional measures for participants by treatment group are presented in Table 2. We screened 155 potential participants, and included 46 in the study. Reasons for excluding potential participants are listed in Figure 2. The most frequent reasons for exclusion were use of psychotropic medications, and a personal or family history of bipolar disorder. We thus were not able to include the full number of participants in the study as originally envisioned (planned N = 30 per group).
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FIGURE 2. CONSORT diagram.



TABLE 2. Baseline characteristics of treatment groups.

[image: Table 2]
We explored relations of relevant covariates (age, gender, education, immune status) to mental ability variables with standard measures of association (correlations). As several of these associations were substantial and likely to create confounding relations, they were included as covariates in mixed effects random intercept models. Outcomes assessed were changes in test scores across treatment groups before and after the study intervention.


Acceptability to Participants

As hypothesized, participants rated the intervention significantly more positively than the midpoint of the Usefulness subscale of the TAM scale based on a composite of Likert-type items. The mean rating for all participants was 4.33 (SD = 1.27; scale range 0 “strongly disagree” to 6 “strongly agree), and this rating was significantly greater than the neutral midpoint [t(40) = 6.71, p < 0.001]. We also found that they rated its ease of use positively with a mean rating of 5.04 (SD = 0.95), ratings that were again significantly greater than the scale midpoint [t(43) = 5.04, p < 0.001]. Ratings suggested that overall, they enjoyed the intervention (mean = 4.73; SD = 1.30) and would use it again if given the opportunity (mean = 4.62; SD = 1.25). Participants’ ratings did not vary by treatment group (all ps > 0.35).

On the scale which asked participants to assess the intervention’s risks and benefits, participant ratings again suggested a positive evaluation, with a mean rating of 4.53 (SD = 1.20; scale range 0 “extremely dissatisfied” to 6 “extremely satisfied”) on the item “overall the good outweighs the bad” and a rating of 4.70 (SD = 1.01) on the item “overall satisfaction.” Forty-three of 46 participants (93%) indicated they were satisfied with the intervention.

Participant comments, made spontaneously during or immediately after the training sessions, were consistently positive, for example, “That was fun,” “that was great,” “I really enjoyed that,” and “I have to get me one of these.”



Cognitive and Functional Outcomes

Results of evaluations of study outcomes assessed as the interactions of intervention group across evaluations are available in Table 3.


TABLE 3. Likelihood ratio test and effect sizes for the interaction of group by time.

[image: Table 3]
We found mixed evidence across cognitive domains to support the hypothesis that CCT with and without tDCS might result in improvements in cognitive functioning relative to control. For the Digit Span Forward subtest, the interaction of treatment group by time approached statistical significance and represented a large effect size. The difference between active tDCS and the control group (Figure 3) also approached statistical significance [t(61.3) = 2.19, p = 0.08; d = 0.79]. Other subtests hypothesized to assess attention showed similar positive but non-significant interactions.
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FIGURE 3. WAIS-IV Digit Span Forward subtest score by Group and Time.


Results did not support the hypothesis that persons receiving CCT with or without tDCS would show improved reaction time. Although the observed interactions were in the hypothesized direction, they were not significant and represented at best a very small effect size.

Results again provided limited support for the hypothesis that CCT with tDCS might result in improved psychomotor speed compared to controls (Figure 4). Although the overall interaction of group by time was not significant for Trails B, the comparison of the active treatment group to control approached significance [t(67.2) = 2.37, p = 0.053; d = 0.85], a difference that became significant at second follow-up [t(67.2) = 3.03, p = 0.01; d = 1.09].
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FIGURE 4. Trail making test, part B by Group and Time. Lower scores indicate better performance.


We found support for the hypothesis of improvement in psychomotor speed with a significant interaction of group by time for the WAIS-IV Coding subtest, although examination of the interaction plot suggests the effect was primarily due to the performance of persons in the CCT with sham tDCS (Figure 5). The between group difference from CCT + sham was not significant at immediate follow-up [t(45.6) = 1.02, p = 0.57; d = 0.37] but approached significance at 1-month follow-up [t(45.6) = 2.21, p = 0.08; d = 0.79].
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FIGURE 5. WAIS-IV Coding subtest scores by Group and Time.


This pattern was again found in results for the HVLT total score, with a significant interaction of group by time resulting from differential improvement in both treatment groups, with significant difference between the CCT + active tDCS group and control at immediate follow-up [t(69.6) = 2.51, p = 0.04; d = 0.90] and a substantial but no longer significant difference at 1-month follow-up [t(69.6) = 2.05, p = 0.11; d = 0.73; Figure 6].
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FIGURE 6. Hopkins verbal learning test total score, Part B by Group and Time.


Although we did not pose specific hypotheses for the effects of CCT with or without tDCS on executive function for this study, in exploratory analyses we evaluated the intervention’s effects on this domain with several measures. A significant interaction of group by time was found for the Stroop with a large effect size, but as with several other measures, the finding was related to substantial improvement in the CCT with sham stimulation group. Other interactions were again positive but non-significant, with effect sizes in the moderate range.

As with executive function, we did not propose specific hypotheses for the two functional measures included in the assessments, but explored the intervention’s effect on them. Results suggest a moderate but non-significant effect size for the MMT with a negligible effect size for the UPSA.

Given the large number of outcomes and our use of effect sizes to evaluate treatment effects, in an unplanned post hoc analysis, we evaluated the overall impact of the study intervention based on the number of effect sizes for cognitive variables that were in the hypothesized direction (showing an interaction of group by time favoring one of the active treatment groups). The average effect size was 0.52, with 17 effects equal to or greater than 0.16, a small effect size (Brydges, 2019). The probability of this outcome compared to chance (equal distribution of positive effects across all groups) was significantly different (p = 0.04). It is thus improbable that the observed effects of the intervention were only due to chance. It should be acknowledged, that this analysis included positive effects for either treatment group and did not support the original hypothesis that the effects of CCT with active tDCS would be superior to CCT with sham tDCS.


Self-Report Outcomes

Evaluations of treatment by time interactions of participant self-report on the PAOF subscales [PAOF Memory, χ2 (4) = 1.86, p = 0.76, d = 0.41; Cognition subscale, χ2(4) = 0.37, p = 0.98, d = 0.18] and the CESD [χ2(4) = 3.38, p = 0.50, d = 0.56] did not suggest the existence of between-group differences in response to the intervention. Examination of the interaction plots for the PAOF subscales (not presented) showed that mean scores for all three groups improved to a similar extent over the three evaluations. Participants reported similar levels of depression (CESD) across groups and evaluations, except participants in the active treatment group reported better mood at the 1-month follow-up evaluation. Although the test of between groups differences were not significant, the within-group change from the immediate follow-up to the 1-month follow-up for the CCT with active tDCS group approached significance and represented a large effect size [t(78.2) = 2.17, p = 0.08, d = 0.78].

Evaluation of participant ratings of how well they could think and remember resulted in an interaction that again approached statistical significance [χ2(10) = 17.47, p = 0.06, d = 1.59]. Examination of the interaction plot (Figure 7) suggests that persons in the active treatment group reported better ability to think over the final three training sessions, although between-group differences were not statistically significant [t(106.8) = 1.57, p = 0.26, d = 0.56].
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FIGURE 7. Participants’ self-rated thinking and memory by Group and Training Session.




DISCUSSION

This study’s goals were to assess the acceptability of CCT using a racing game to persons 50 years of age and older with HAND. The impact of adding tDCS to CCT was also evaluated. As we had a smaller than expected sample, we assessed outcomes not only through tests of statistical significance but also through calculation of effect sizes. Results showed that the majority of participants had positive views of the intervention and believed its benefits outweighed any risks. Ratings of its usefulness and usability were positive.

Our results clearly show that participants found the intervention acceptable. The majority of ratings on factors such as usefulness and ease of use were positive, and nearly all participants indicated that they felt the benefits of the intervention outweighed any drawbacks. Further exploration of ways to make the intervention even more positive for persons with HAND appear warranted.

Assessment of mental abilities before and after training suggested that the intervention had a positive effect on learning, memory, and motor speed compared to control. Although only a few outcomes were statistically significant or approached it, those which were significant were associated with large effect sizes. Outcomes with moderate or smaller effect sizes may thus have been non-significant due to low power related to the sample size rather than a lack of effect. A post hoc evaluation of the probability of arriving at the observed set of effect sizes by chance suggested that our findings were not due to chance. Further, effect sizes obtained in this study are similar to those reported by other researchers, including in a meta-analysis of studies with older adults (Indahlastari et al., 2021).

Consistent with other research, the combination of cognitive training and anodal tDCS at the left dorsolateral prefrontal cortex was associated with improvement in attention as measured by digit span (Martin et al., 2013; Park et al., 2014; Santos et al., 2018). Contrary to our hypothesis, however, there was no evidence of a substantial impact of the intervention on reaction time. Others have reported that tDCS may have a facilitating effect on reaction time with anodal stimulation over primary motor cortex, but Molero-Chamizo et al. (2018) found that the effect was time dependent. Others have also failed to find an effect of tDCS (Coppens et al., 2019; Seidel and Ragert, 2019) on reaction time. Our hypothesis of an effect on reaction time was based primarily on the nature of the training task (a fast-paced computer game), but neither statistical tests nor inspection of mean plots by groups (not presented) suggested an effect for either of the active treatment groups.

We found more substantial improvements in measures of psychomotor speed, including a significant interaction of group by time for the WAIS-IV Coding subtest. Although the overall interaction for Trails B was not significant, inspection of group mean plots was consistent with relatively greater improvement on this measure for the two active treatment groups, and post hoc between groups tests showed a significant difference between the control and CCT + active tDCS group after treatment while none was found at baseline.

A significant effect was also found for the Stroop Color-Word Test, a measure often interpreted as assessing a person’s ability to inhibit well-learned responses (Scarpina and Tagini, 2017). Others have observed a positive effect of tDCS on the Stroop task (Loftus et al., 2015; Lu et al., 2021; Perrotta et al., 2021), while Frings et al. (2018) found that cathodal stimulation of the left DLPFC disrupted Stroop performance, with the negative effect of cathodal vs. anodal stimulation expected.

We found limited support for the impact of the intervention on functional measures, with a moderate effect size but non-significant results for the Medication Management Test but no evidence of an effect on the UPSA. This is similar results reported by Vance et al. (2021) who found limited effects of cognitive training on various measures of everyday function.

Self-report measures of mood or subjective cognitive functioning did not differ between groups, with one exception. The failure to find group differences may have been related to self-reported improvements across all groups, including the control. The one exception were self-reports of how well the participant perceived their thinking and memory, for which the CCT + active tDCS group gave substantially more positive reports over the last several sessions of the intervention.

The finding of possible treatment effects later during the training period suggests that the intervention’s effects may have continued after training ended, with continuing improvements at 1-month follow-up in psychomotor speed (Trail Making Test, Part B; Figure 3) and verbal learning (Hopkins Verbal Learning Test; Figure 5). We also found an improvement in depression self-report (Center for Epidemiological Studies—Depression) at 1-month follow-up. This possibly delayed effect of tDCS on mood was also reported by Li et al. (2019). Given the evidence for improvement during the second week of training, it is possible that a more intensive and longer intervention might have resulted in greater effects. This possibility should be explored in future studies.

Strengths of the study include the single-blind sham-controlled design, which was effective in our pilot study as it has been in other studies (Woods et al., 2016). We collected all data using a staff member who did not know the participant’s intervention assignment or by way of a computer. These measures reduced the likelihood of bias in outcomes due to experimenter effects. The characteristics of participants (age, gender, education level, cognitive function) made them similar to other persons who might have HAND and be able to benefit from the intervention. Another strength is the clear characterization of study participants with respect to concurrent medication use, although this in turn limited our ability to recruit participants.

This study’s limitations include the smaller than planned sample size. In spite of intensive recruiting efforts in the local community, including newspaper and online advertising, multiple contacts with community organizations and local infectious disease practitioners, and contacts with participants in previous studies we were not able to recruit the planned number of participants for the study. As shown in Figure 1, we were able to contact a number of potential participants that might have been adequate for planned sample size for the study, but exclusion due to validity concerns related to psychotropic medication use and safety concerns related to history of bipolar disorder, a large number of potential participants were not eligible. This limitation in turn may have affected the ability to test the statistical significance of outcomes, although in several cases when we found large effect sizes, we also found statistically significant results. Generalizing our results based only on observed effect sizes is a limitation. While the electrode montage used was chosen to stimulate the left dorsolateral prefrontal cortex via the anode, it should be acknowledged that the right frontal pole was also stimulated via the cathode (Friehs et al., 2021). Finally, it should be acknowledged that while we found a number of positive effects on cognitive measures in the two CCT groups, the original hypothesis that CCT with active tDCS would be superior to CCT with sham tDCS was not supported.

Another limitation is that this study did not employ a double-blind controlled design, raising the possibility of bias caused by the investigators. Further, it should also be noted that the timing of stimulation (concurrent with or prior to the cognitive task) may have affected study outcome. For example, Friehs and Frings (2019) showed that offline (not concurrent) stimulation of the left dorsolateral prefrontal cortex as associated with a greater impact on working memory (assessed as performance on the n-back task). In contrast, Martin et al. (2014) showed that concurrent stimulation was associated with skill acquisition.

As noted above, we did several things to reduce the possibility of effects related to the unblinded experimenter. These included positioning the investigator and the tDCS device out of sight of the participant during stimulation, providing neutral suggestions about what the participants might experience during stimulation, and collecting most self-report data via computer assisted self-interview with the investigators out of the room. All baseline and follow-up assessments were conducted by an assessor blind to the participant’s treatment assignment or by way of a computer without the presence of a researcher. Thus, while we took a number of steps to reduce possible bias in the research design, they did not eliminate it.

HIV-related mental ability problems have implications for the functional status and quality of life for older persons with HAND. Our results, though limited, demonstrate the possibility that CCT with or without tDCS may have a positive impact on cognitive function. We found evidence of a moderate though non-significant effect of the intervention on a test of medication taking, a critically important skill for persons with HIV infection.

Future research should focus on continuing to explore the potential efficacy of CCT and tDCS with this population. A more detailed exploration of factors such as intensity and duration of stimulation and length and frequency of training sessions as well as the optimal timing of follow-up assessments may yield more effective treatment protocols with greater impacts on participants’ functional status.
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Multifocal Transcranial Direct Current Stimulation Modulates Resting-State Functional Connectivity in Older Adults Depending on the Induced Current Density
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Combining non-invasive brain stimulation (NIBS) with resting-state functional magnetic resonance imaging (rs-fMRI) is a promising approach to characterize and potentially optimize the brain networks subtending cognition that changes as a function of age. However, whether multifocal NIBS approaches are able to modulate rs-fMRI brain dynamics in aged populations, and if these NIBS-induced changes are consistent with the simulated electric current distribution on the brain remains largely unknown. In the present investigation, thirty-one cognitively healthy older adults underwent two different multifocal real transcranial direct current stimulation (tDCS) conditions (C1 and C2) and a sham condition in a crossover design during a rs-fMRI acquisition. The real tDCS conditions were designed to electrically induce two distinct complex neural patterns, either targeting generalized frontoparietal cortical overactivity (C1) or a detachment between the frontal areas and the posteromedial cortex (C2). Data revealed that the two tDCS conditions modulated rs-fMRI differently. C1 increased the coactivation of multiple functional couplings as compared to sham, while a smaller number of connections increased in C1 as compared to C2. At the group level, C1-induced changes were topographically consistent with the calculated electric current density distribution. At the individual level, the extent of tDCS-induced rs-fMRI modulation in C1 was related with the magnitude of the simulated electric current density estimates. These results highlight that multifocal tDCS procedures can effectively change rs-fMRI neural functioning in advancing age, being the induced modulation consistent with the spatial distribution of the simulated electric current on the brain. Moreover, our data supports that individually tailoring NIBS-based interventions grounded on subject-specific structural data might be crucial to increase tDCS potential in future studies amongst older adults.

Keywords: aging, electric current density, multifocal transcranial direct current stimulation, resting-state functional magnetic resonance imaging, non-invasive brain stimulation (NIBS), electric modeling, neuroimaging


INTRODUCTION

The human brain is organized into complex neural networks that can be studied through resting-state functional magnetic resonance imaging (rs-fMRI; Damoiseaux et al., 2006; Smith et al., 2009; van den Heuvel and Sporns, 2013; Petersen and Sporns, 2015). Some of these neural systems have been shown to support cognition (Bressler and Menon, 2010) and change through the lifespan (Dosenbach et al., 2010; Betzel et al., 2014), as well as to be highly susceptible to aging (Tomasi and Volkow, 2012; Ferreira and Busatto, 2013; Sala-Llonch et al., 2015; Nashiro et al., 2017).

Non-invasive brain stimulation (NIBS) protocols have been used to modulate these functional systems subtending cognition in older adults (Abellaneda-Pérez et al., 2019a). The combination of NIBS with neuroimaging techniques in these populations has shed light into the network plasticity mechanisms underlying cognitive aging (i.e., Abellaneda-Pérez et al., 2019b) as well as on the putative neurobiological mechanisms underlying NIBS-induced phenotypic improvements in the elderly (i.e., Holland et al., 2011; Meinzer et al., 2013; Antonenko et al., 2018; Nilakantan et al., 2019).

In the latest years, transcranial direct current stimulation (tDCS) has been widely employed, particularly in advancing age (Perceval et al., 2016; Tatti et al., 2016). In conventional tDCS studies, which aim to target discrete cortical regions, a single anode accompanied by its corresponding cathode is used. According to our current mechanistic understanding, during tDCS, neural membrane potentials are depolarized under the anode, leading to an increase in cortical excitability, while they are hyperpolarized under the cathode, thus diminishing cortical excitability at the macroscopic level (Nitsche and Paulus, 2000; Nitsche et al., 2008). More recently, novel multifocal or network-based tDCS protocols have been developed in order to target multiple brain areas simultaneously (Ruffini et al., 2014). In multifocal tDCS, multiple electrodes with differential intensities and polarities are employed such that the resulting field aims to maximally target a specific distributed brain network and can result in higher modulatory efficacy than an otherwise similar two-electrode tDCS approach in younger samples (Fischer et al., 2017). However, in what manner multifocal tDCS entails capability to influence rs-fMRI dynamics in the aging brain, and whether this modulation is consistent with a previously targeted neural pattern, has not been previously investigated, despite the potential of network-based approaches to directly modulate a complex system rather than a concrete region. In this vein, a whole network modulation is particularly relevant in aging, since, as observed in numerous descriptive fMRI investigations, brain networks are less integrated and more segregated as a function of age (Cao et al., 2014; Chan et al., 2014; Sala-Llonch et al., 2014; Grady et al., 2016; Spreng et al., 2016), probably reflecting age-associated dedifferentiation processes (Park et al., 2012). Notably, it has been proposed within the cognitive neuroscience of aging literature that this loss of brain networks integration in the elderly relates to poorer cognitive performance (i.e., Sala-Llonch et al., 2014; Vidal-Piñeiro et al., 2014). Consequently, altering multiple neural nodes within or between specific neural circuits based on a previously simulated electrical pattern on the brain could be used to potentially restore a regular brain functioning and thus, hypothetically, ameliorate cognitive decline in advanced age.

The present study leverages from a previous investigation by our group and is based on its fMRI findings. In the stated report, we observed that distinct groups of older adults, with comparable educational attainment but different levels of white matter hyperintensities burden, can engage dissimilar brain activity patterns to successfully solve a particular working memory paradigm (for further details on the original brain patterns, see Fernández-Cabello et al., 2016). In the present study, two real tDCS conditions were designed based on those previous fMRI findings to induce two distinct electrical distribution configurations, which were expected to produce either generalized frontoparietal cortical overactivity (i.e., condition 1, or C1) or an antero-posterior dissociation aiming to enhance frontal areas whereas reducing the posteromedial cortex activity (i.e., condition 2, or C2; see section “tDCS parameters” for detailed information). It is worth noting that there is a correspondence between those brain functional configurations observed during activation and at rest (Smith et al., 2009). Hence, while C1 patterns are consistent with the classical frontoparietal circuits observed in rs-fMRI studies, the C2 anatomically resemble both the frontoparietal as well as the default-mode networks (see also Abellaneda-Pérez et al., 2020). The goals of the present study were: (I) to explore the impact of two distinct multifocal tDCS montages on rs-fMRI associated connectivity changes in older adults; (II) to examine the topographical correspondence between the tDCS-induced rs-fMRI effects and the simulated electric current distribution on the brain at the group level; and (III) to individually determine whether, and how, the observed rs-fMRI changes are associated with the calculated electric current values.



MATERIALS AND METHODS


Participants

As in our previous studies (Vidal-Piñeiro et al., 2014; Vaqué-Alcázar et al., 2017, 2020), subjects participating in the present investigation were recruited from the Fundació Institut Català de l’Envelliment. We contacted thirty-seven subjects and initially included thirty-three participants fulfilling the following criteria: aged older than 65 and neuropsychological assessment within range of normality (see below). Selected exclusion criteria were Hamilton Depression Rating Scale > 13, history of epilepsy, neurological or psychiatric disorders and any NIBS-related contraindication (Rossi et al., 2009, 2021; Antal et al., 2017) as well as for the MRI. One subject was discarded for a previous single episode of absence seizure and another volunteer was excluded due to morphine pump implantation to treat chronic pain.

Finally, thirty-one subjects met criteria to participate in this study. All participants were tDCS naïve and right-handed older adults [mean age ± standard deviation (SD), 71.68 ± 2.5 years; age range, 68 – 77 years; 19 females; years of education mean ± SD, 12.29 ± 4.0 years]. All volunteers provided informed consent in accordance with the Declaration of Helsinki (1964, last revision 2013). All study procedures were approved by the Institutional Review Board (IRB 00003099) at the University of Barcelona. For all participants, MRI images were examined by a senior neuroradiologist for any clinically significant pathology (none found).



Experimental Design

The present study was conducted in a randomized single-blind sham-controlled crossover design that consisted of four visits to our center. On the first visit (i.e., pre-experimental session; day 0), all participants underwent a comprehensive neuropsychological assessment to ensure cognitive functioning within the normal range according to age and years of education (see section “Neuropsychological assessment”). Subsequently, three experimental sessions with distinct multifocal tDCS conditions (days 1, 2, and 3) were conducted while acquiring MRI data during brain stimulation. These MRI acquisitions comprised, firstly, an arterial spin labeling (ASL) dataset (∼ 6 min), secondly, an rs-fMRI acquisition (∼ 8 min), and finally, a task-based fMRI dataset (∼ 11 min). The present study focuses on rs-fMRI images to investigate in which manner the simulated electric current distributions are associated with the actual experimentally induced effects on the aged brain when not engaged in any particular task. Furthermore, on day 1, a high-resolution three-dimensional (hr-3D; ∼ 8 min) dataset was acquired for functional data preprocessing purposes and to estimate the distribution of the induced electric current. In addition, the mentioned hr-3D acquired on day 1, and a fluid-attenuated inversion recovery (FLAIR) sequence obtained on day 2 (∼ 3 min), were used for neuroradiological assessment to exclude any brain structural abnormalities in study participants. Finally, a diffusion tensor imaging was obtained on day 3 (∼ 9 min; not used in this investigation). Therefore, the total duration of the experimental sessions was ∼ 40 min, whereof the first ∼ 5 min were used for tDCS-MRI setting preparation, and the remaining ∼ 35 min were entirely conducted within the MRI scanner. Out of the total in-scanner time, the initial 25 min were acquired during brain stimulation, and the final variable minutes were dedicated to additional acquisitions. In the experimental sessions, multifocal tDCS was applied to all participants using the two different montages referred above (i.e., C1 and C2) with real stimulation as well as a sham stimulation condition (see section “tDCS parameters” for further details). The order of the experimental sessions was counterbalanced. There was a minimum one-month wash-out between each experimental session to avoid possible prevalence of after-effects (Figure 1). Further, a questionnaire of tDCS-related adverse events was administered at the end of each experimental session and compared between the experimental conditions [all p-values > 0.05; for further details see Supplementary Table 1 and Supplementary Material]. In addition, a very brief assessment of the quality of sham was administered (for further details, see Supplementary Material).
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FIGURE 1. Study protocol and timeline of the procedures accomplished before and during multifocal tDCS-MRI. On the pre-experimental session, all the subjects undertook a neuropsychological screening session to verify a normal cognitive functioning. Then, during the three consecutive experimental sessions, transcranial stimulation was delivered using differential tDCS montages (i.e., C1, C2 and sham) in a counterbalanced fashion while rs-fMRI data was acquired. A hr-3D and a FLAIR datasets were acquired for additional examinations. tDCS, transcranial direct current stimulation; MRI, magnetic resonance imaging; rs-fMRI, resting-state functional MRI; hr-3D, high-resolution three-dimensional; FLAIR, fluid-attenuated inversion recovery; C1, condition 1; C2, condition 2.




Neuropsychological Assessment

A comprehensive battery of neuropsychological tests covering all cognitive domains was administered, including the Rey-Osterrieth Complex Figure (ROCF), Rey Auditory Verbal Learning Test (RAVLT), Boston Naming Test (BNT), Semantic category evocation of animals, Number location and incomplete letters from the Visual Object and Space Perception Battery (VOSP), Trail Making Test (TMT), parts A and B, Phonemic fluency (FAS), Stroop Color Word Test, Symbol Digit Modalities Test (SDMT), and Digit span forward and backward from WAIS-III. Finally, the Vocabulary Subtest from WAIS-III was also administered to have a measure of premorbid intelligence. All participants presented a normal cognitive profile with mini-mental state examination (MMSE) scores of ≥27 and performance scores not more than 1.5 SD below normative data (adjusted for age and years of education) on any of the administered neuropsychological tests (i.e., they did not fulfill the criteria for mild cognitive impairment; Petersen and Morris, 2005).



Transcranial Direct Current Stimulation Parameters

Two distinct multifocal tDCS montages were designed with the Stimweaver montage optimization algorithm (Ruffini et al., 2014). The latter determines the positions and currents of the electrodes over the scalp that induce an electric field in the brain that better approximates a weighted target electric field map. We optimized for the electric field component normal (orthogonal, En) to the cortical surface, assuming a first order model for the interaction of the electric field with neurons in the cortex: when En points into/out of the cortical surface (positive/negative values of En in our convention), this leads to an increase/decrease in the membrane potential of the soma of pyramidal cells (and hence, cortical excitability). As mentioned, the weighted target En-maps used in this study were designed based on the findings obtained in our previous fMRI study (Fernández-Cabello et al., 2016). More precisely, on the one hand, the C1 montage was grounded on an fMRI pattern of extended cortical activity, including the bilateral middle frontal gyri, the paracingulate gyri, the precuneus cortex, the bilateral supramarginal gyri and/or intraparietal sulcus area and the lingual gyri (Figure 2A). On the other hand, the C2 montage was derived from a second fMRI pattern including moderate activity increases in the bilateral middle frontal and the paracingulate gyri, altogether with brain activity decreases of the posterior cingulate gyrus, the ventral precuneus, and the precentral gyri (Figure 2B). In the optimization, the regions that registered a brain activity increase/decrease were targeted with an excitatory/inhibitory (positive/negative) target En field (see Figure 2C for C1, and Figure 2D for C2). Cortical maps of the magnitude of the induced electric field, in which we focused in this investigation, are shown framed in Figure 2E for C1 and in Figure 2F for C2, in the template head model used in the optimization (Colin27; Miranda et al., 2013). Stimulation was delivered via an MRI-compatible Starstim Neuroelectrics device, using 8 circular MRI Sponstim electrodes with an area of 8 cm2. These MRI-compatible electrodes consist of a carbon rubber core and a sponger cover, both translucid materials. Hence, the core electrodes were located on the participant’s scalp by fitting them inside the sponge and into the holes of a neoprene cap corresponding to the 10/10 international system for electrode placement. The central Cz position was aligned to the vertex of the head in every subject to ensure an accurate cap placement.
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FIGURE 2. Multifocal tDCS montages. Targeted fMRI patterns in (A) C1 and (B) C2, from Fernández-Cabello et al. (2016, adapted with permission). Distribution of the En field in the cortical surface in (C) C1 and (D) C2 (in V/m units). Distribution of the electric field’s magnitude in the cortical surface in (E) C1 and (F) C2 (in V/m units). Representation of the electrode locations and shape on the scalp (left) and the gray matter (right) based on a Montreal Neurological Institute (MNI) head in (G) C1 and (H) C2, obtained for visual purposes. fMRI, functional magnetic resonance imaging; C1, condition 1; C2, condition 2.


Based upon the foregoing, in the C1 montage the electrodes were placed in the AF7, F4, FC5, P3, P4, P7, P8 and Cz positions (see Figure 2G and Table 1), while in the C2 montage the electrodes were placed in the AF3, C3, C4, F4, FC6, Fpz, Oz and Cz positions (see Figure 2H and Table 1). For sham stimulation, either C1 or C2 montages were randomly used. The stimulator was situated outside the MRI room and the electrodes were soaked with saline solution and a thin layer of Ten20 conductive paste to ensure good conductivity and stability throughout the MRI acquisition. The current was delivered to each electrode with a wireless neurostimulator (Starstim, by Neuroelectrics Barcelona) connected to a computer via Bluetooth. For safety issues, the maximum current delivered by any electrode was 2 mA, while the maximum current injected through all the electrodes was 4 mA. In the real intervention conditions, the current was supplied during the whole rs-fMRI acquisition, starting just before the ASL acquisition and concluding at the end of the task-based fMRI dataset. In all groups, the current was initially increased and finally decreased in a 30 s ramp-up and ramp-down fashion, carefully configured to not overlap with the MRI acquisitions. For the sham condition, the current dosage was composed of an initial ramp-up of 30 s immediately followed by a 1 min ramp-down, and a final ramp-down of 30 s immediately preceded by a ramp-up of 1 min.


TABLE 1. Electrode positions and current intensities in C1 and C2.

[image: Table 1]


Magnetic Resonance Imaging Acquisition

All participants were scanned with a Siemens Magnetom Trio Tim Syngo 3 Tesla system at the MRI Core Facility (IDIBAPS) of the Hospital Clinic of Barcelona, Barcelona, Spain. In the succeeding, only the acquisitions used in this investigation, both for research purposes and clinical screening, are detailed. Three identical rs-fMRI datasets [T2*-weighted GE-EPI sequence; interleaved acquisition; repetition time (TR) = 2,700 ms; echo time (TE) = 30 ms; 40 slices per volume; slice thickness = 3.0 mm; interslice gap = 15%; voxel size = 3.0 x 3.0 x 3.0 mm; field of view (FOV) = 216 mm; 178 volumes] were acquired, one each experimental day. Furthermore, a hr-3D structural dataset [T1-weighted magnetization-prepared rapid gradient-echo (T1-weighted MPRAGE); sagittal plane acquisition; TR = 2,300 ms; TE = 2.98 ms, inversion time (IT) = 900 ms; slice thickness = 1.0 mm; voxel size = 1.0 x 1.0 x 1.0 mm; FOV = 256 mm; 240 slices] was acquired on experimental day 1. In addition, an axial FLAIR sequence (TR = 9,000 ms; TE = 96 ms; slice thickness = 3.0 mm; FOV = 240 mm; 40 slices) was obtained on experimental day 2 (see Figure 1).



Functional Connectivity Analyses

The FMRIB Software Library (FSL; version 6.001) and the Analysis of Functional NeuroImages (AFNI2) were used for preprocessing and analyzing functional neuroimaging data.


Functional Connectivity Preprocessing

Resting-state functional magnetic resonance imaging (rs-fMRI) data preprocessing included the removal of the first five volumes, motion correction, skull stripping, spatial smoothing [Full Width at Half Maximum (FWHM) = 7 mm], grand mean scaling and filtering with both high-pass and low-pass filters (0.01- and 0.1-Hz thresholds, respectively). Data were then regressed with six rigid-body realignment motion parameters, mean white matter, and mean cerebrospinal fluid signal. No global signal regression was used. Normalization to MNI standard space was also applied. A visual inspection of the preprocessed rs-fMRI images was thoughtfully completed before conducting further functional connectivity analyses. Moreover, as head movement may affect rs-fMRI results (Power et al., 2012, 2015; Van Dijk et al., 2012), in-scanner head motion was calculated for every subject. More precisely, two standard measures to estimate in-scanner head motion were obtained in a similar manner as described elsewhere (Power et al., 2012). Displacement relative to a single reference volume (absolute displacement) and relative to the precedent volume (relative displacement) were calculated for every subject. In our sample, no significant differences were found between the three conditions (i.e., C1, C2 and sham), considering both absolute and relative displacement (all p-values > 0.05; for further data, see Supplementary Table 2).



Regions of Interest-Based Functional Connectivity Analyses

Functional connectivity analyses were implemented based on a whole-brain atlas that parcels the brain into a set of anatomical regions of interest (ROIs). The selected atlas was the one developed for the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). This atlas includes a rich set of regions to perform comprehensive whole-brain analyses using ROI-based approaches. More specifically, this atlas includes 132 ROIs, combining the FSL Harvard-Oxford cortical (91 ROIs) and subcortical atlases (15 ROIs) and the cerebellar areas from the Anatomical Automatic Labeling (AAL) atlas (26 ROIs). Individualized time-series of the different ROIs were extracted from the preprocessed and regressed images. In order to obtain a resting-state functional connectivity (rs-FC) measure for each ROI-to-ROI connection in each subject, the acquired ROI time-series were correlated with one another to create correlation matrices, using Pearson product-moment correlations.




Electric Current Computations

SimNIBS 3.0.7 was used to individually calculate the electrical current induced by tDCS based on the finite element method (FEM) and individualized head models derived from the structural MRI datasets (3 Windhoff et al., 2013; Thielscher et al., 2015). First, T1-weighted anatomical images were used to create individualized tetrahedral FE head meshes of each subject, using MATLAB toolboxes (Nielsen et al., 2018), MeshFix (Attene, 2010), and Gmsh (Geuzaine and Remacle, 2009). These head models contain representations of the scalp, skull, cerebrospinal fluid (including the ventricles), eyeballs, gray-matter and white-matter. Second, the electrode positions (i.e., the center coordinates of the modeled electrodes) were placed on each subject head mesh, according to the locations established for each montage (i.e., C1 and C2). Then, electric current simulations were computed for each condition separately. Following the specific characteristics of the MRI Sponstim electrodes from Neuroelectrics, the electrode shape was set as elliptical, and the size was defined as 2.3 cm of diameter and 1 mm of thickness. The electrode’s sponge size was defined as 3.2 cm of diameter and 3 mm of thickness. Tissue and electrode conductivity values were set as default in SimNIBS software (Thielscher et al., 2011; Saturnino et al., 2015). Third, individual results were averaged together for each condition, resulting in group averages and SDs of the electric current density distribution. Finally, for each montage, data on the peak fields (99.9th percentile) and the electric current magnitude values within the selected ROIs, based on fMRI findings, were obtained (see sections “Statistical analyses” and “Multifocal tDCS effects on rs-fMR” for further information). The magnitude of the current density (normJ) was used in all the subject-based analyses of this investigation (i.e., those computed with SimNIBS). Current density seems to be particularly useful for dosage determination in terms of the regional quantity of current reaching the brain with advancing age (i.e., Indahlastari et al., 2020). Hence, if not otherwise specified (i.e., as in the originally designed models using a template brain), figures and analysis results reflect the electric current density in all cases, and are expressed as amperes per square meter (A/m2). Due to technical issues during the generation of the head mesh, related to poor quality of the T1 MRI data, a subject was discarded from these analyses. The segmentations quality from all generated brain images was individually examined and deemed appropriate.



Statistical Analyses

Data analyses were performed using IBM SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.) and MATLAB (Version R2019a, The MathWorks Inc., Natick, MA, United States).


Functional Connectivity Statistical Analyses

Resting-state functional connectivity (rs-FC) correlation matrices, permutation testing and pixel correction for multiple comparisons were performed using custom made MATLAB scripts. Functional connectivity differences were compared between conditions using non-parametric permutation testing (Nichols and Holmes, 2002). We chose this method because it does not rely on assumptions about the distribution of the data and correction methods for multiple comparisons can be easily implemented (Theiler et al., 1992).

Time-series data for each subject, ROI and condition were concatenated into a 4D array (i.e., subject x time-point x ROI x condition). Then, correlations between all ROIs for each subject and condition were computed, taking time-points as individual observations in each ROI-to-ROI correlation. This resulted in three correlation matrices (i.e., one for each condition; Figure 3A) with three dimensions each (i.e., ROI x ROI x subject). Then, differences between the means of the correlation matrices, for each pair of conditions and across subjects, were computed for each ROI x ROI correlation matrix point (Figure 3B) and compared with the null-hypotheses distribution generated by randomly shuffling the condition labels over subjects and repeating this procedure for 1000 iterations (Figure 3C, α = 0.05, supra-threshold: in yellow). The resulting comparison matrices were corrected for multiple comparisons using pixel correction (Cohen, 2014; Figure 3C, pixel-corrected: in red). This procedure consists in picking the largest and smallest test statistic values of each permutation -which results in two distributions of extreme values- and then setting the thresholds for statistical significance to be the values corresponding to the 97.5 percentile of the largest value and the 2.5 percentile of the smallest value. Pixel correction was preferred as compared to the more common cluster-based methods because the nature of our data (i.e., correlation matrices) does not require that significant differences are spatially clustered.
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FIGURE 3. Rs-fMRI analyses. (A) Mean correlation matrices for (left to right): C1, C2 and sham. (B) Mean difference matrices for (left to right): C1 – Sham, C2 – Sham, C1 – C2. (C) Thresholded and pixel-corrected matrices for (left to right): C1 – Sham, C2 – Sham, C1 – C2 (dark: sub-threshold; yellow: supra-threshold; red: pixel-corrected). Bar-plots showing the mean with standard error of the mean (SEM) of rs-FC comparing (D) C1 vs. Sham and (E) C1 vs. C2, computed for visually inspecting the group tendencies in each coupling. Representation of the significant connections for (F) C1 vs. Sham and (G) C1 vs. C2 on a standard map (left to right: axial, sagittal and coronal view). Note that in Panel (F), selected main hubs (i.e., those ROIs entailing ≥2 significant rs-FC connections when comparing C1 vs. Sham) are displayed with a correspondingly larger size to emphasize them. C1, condition 1; C2, condition 2; toMTG, Middle temporal gyrus, temporo-occipital part; Cereb, Cerebellum; Ver, Vermis; PT, Planum temporale; Amy, Amygdala; pSMG, Supramarginal gyrus, posterior division; pPaHC, Parahippocampal gyrus, posterior division, pSTG, Superior temporal gyrus, posterior division; SCC, Supracalcarine cortex; LG, Lingual gyrus; L, left; R, right; A, anterior; P, posterior.




Electric Current and Further Statistical Examinations

Furthermore, differences regarding the magnitude of the peak fields (99.9th percentile) between C1 and C2 were compared using a paired sample t-test. Additional paired sample t-tests were used to test for electric current magnitude differences between experimental conditions for each of the main ROIs selected based on rs-fMRI analyses. ROIs were selected and considered as main hubs when they involved ≥ 2 significant rs-FC couplings that survived multiple comparisons using pixel correction. Moreover, Pearson product-moment correlation was used to explore the association between tDCS-induced rs-fMRI effects and the magnitude of calculated current density estimates in the selected ROIs. More specifically, tDCS-induced functional changes in each particular coupling that survived pixel correction were linked to the selected ROIs’ electric current magnitude values when this fell within the rs-FC connection. Finally, to compare head movement and tDCS-related adverse events differences between the experimental groups, a one-way repeated measures ANOVA was used. In these analyses, data distribution was tested for normality with the Shapiro-Wilk test (p > 0.05; Shapiro and Wilk, 1965; Razali and Wah, 2011). Non-parametric tests were used in cases where parametric tests were not appropriate. These non-parametric tests are explicitly stated when necessary. No adjustment for multiple comparisons was applied in these exploratory statistical analyses. All these tests were two-tailed and α was set at 0.05.





RESULTS


Multifocal Transcranial Direct Current Stimulation Effects on Resting-State Functional Magnetic Resonance Imaging

The two tDCS conditions differently influenced rs-fMRI connectivity. When comparing C1 against sham, some specific connections (i.e., a total of 10 resting-state couplings) significantly increased their coactivation (Figures 3D,F). Many of the affected connections involved temporal and temporo-occipital areas and distinct cerebellar regions. In particular, three temporal areas emerged as main hubs (i.e., those with ≥ 2 significant rs-FC couplings). These regions were the left and right temporo-occipital middle temporal gyri (toMTG.L and toMTG.R, respectively) and the right planum temporale (PT.R), which fall in the posterior part of the temporal lobe. Remarkably, C1 was also able to modulate structures entailing the limbic system, such as the amygdala and the hippocampal formation. When contrasting C1 against C2, two connections were detected to be significantly different (Figures 3E,G). These results represented occipital-cerebellar couplings. Particularly, we observed significant modification of the connections between the right lingual gyrus (LG.R) and the right supracalcarine cortex (SCC.R) and the seventh lobule of the vermis (Ver7). No differences were observed between C2 and sham.



Electric Current Simulations

The means and SDs of electric current density distributions induced by C1 and C2 are displayed in Figure 4A (for C1) and Figure 4B (for C2). Individually modeled electric current density distributions are displayed in Supplementary Figure 1 (for C1) and Supplementary Figure 2 (for C2). The electric current density distribution induced by C1 predominantly included the inferior parietal lobule as well as temporal and occipital regions. In contrast, the electric current density induced by C2 showed a more anteriorly centered distribution principally encompassing the precentral, superior and, in a lesser extent, the middle frontal gyri. Moreover, as expected for the C2, the electric current magnitude within the posteromedial and occipital areas was very low. As can be further observed, the originally designed patterns created with the Colin27 template and the average simulated configurations obtained with our aged individuals were entirely anatomically consistent (see Figures 2E,F, 4A,B).
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FIGURE 4. Multifocal tDCS simulated electric current distributions. Anatomical pattern of the electric current density mean (top) and SD (bottom) for all subjects in (A) C1 and (B) C2 (in A/m2 units). (C) Comparison between C1 and C2 of the mean magnitude of the peak fields (99.9th percentile; in A/m2 units). (D) Comparison between C1 and C2 of the electric current magnitude extracted from the three main hubs detected on the rs-fMRI analyses (i.e., toMTG.L, toMTG.R and PT.R; in A/m2 units). (E,F) Scatter plots showing the associations between multifocal tDCS-induced changes in rs-fMRI connectivity estimates and electric current magnitude values (in A/m2 units). Data in (C,D) are presented with mean with SEM. C1, condition 1; C2, condition 2; toMTG, Middle temporal gyrus, temporo-occipital part; PT, Planum temporale; Ver, Vermis; Cereb, Cerebellum; L, left; R, right; Diff, difference.


Furthermore, C1 reached statistically significant higher peak fields (99.9th percentile) as compared to C2 (t = 10.716; p < 0.001; Figure 4C). Additionally, the electric current magnitude values extracted from the three main ROIs identified on the rs-fMRI analyses (i.e., toMTG.L, toMTG.R and PT.R), were, as expected, significantly higher in C1 when compared to C2 (toMTG.L: t = 19.986, p < 0.001; toMTG.R: t = 18.473, p < 0.001; PT.R: Wilcoxon signed-rank test, Z = 4.000; p < 0.001; Figure 4D).



Associations Between Resting-State Functional Magnetic Resonance Imaging Modulation and Induced Electric Current

Lastly, correlation analyses between tDCS-induced rs-fMRI changes and the magnitude of the calculated current density values were performed. We observed that those subjects who showed increased coactivation in C1 compared to sham in the toMTG.R – Ver3 coupling also presented lower induced electric current magnitude estimates in C1 (r = −0.401, p = 0.028; Figure 4E). In addition, those subjects who showed higher coactivation at C1 compared to sham in the toMTG.R – Cereb9.L also presented a negative association with the induced electric current magnitude values in C1, however, this association was not statistically significant (r = −0.358, p = 0.052; Figure 4F). Thus, it was observed that, although in the majority of cases (67.7% for the toMTG.R – Ver3 coupling; 64.5% for toMTG.R – Cereb9.L coupling) an increase in coactivation happened with certain levels of induced current, in those subjects with higher current density estimates, a functional coactivation reduction most likely occurred (see Figures 4E,F). Of note, since no significant differences were observed between C2 and sham, we focused these analyses to C1, which was significantly different from sham.




DISCUSSION

This represents, to the best of our knowledge, the first study investigating the impact of two distinct multifocal tDCS montages on rs-fMRI in healthy aging. Our results showed that: (I) multifocal tDCS modulates rs-FC in a montage-dependent manner in older adults. (II) Moreover, the functional impact is consistent with the spatial distribution of the induced electric current on the brain. (III) Finally, specific individual tDCS-induced rs-fMRI responses are related with the magnitude of the calculated electric current estimates, which might be in line with the stochastic resonance hypothesis (see below).

In this investigation, we observed that multifocal tDCS can modulate brain dynamics as measured through rs-fMRI connectivity amongst older adults. Furthermore, network-based tDCS appears to anatomically modulate functional connectivity in a manner dependent with the simulated electric current distribution. In this vein, the impact of transcranial stimulation was particularly evident when comparing C1 to sham. Three temporal regions emerged as the principal modulated regions: the left and right toMTG and the right PT. A relevant modulatory effect between these cortical nodes and the cerebellum was detected, though the modulation of cerebellar areas was less specific. Moreover, in other cortical temporo-parietal areas, such as the posterior divisions of the superior temporal and the supramarginal gyri, rs-FC was also modulated. In addition, the connectivity of subcortical regions, such as the amygdala and the hippocampal formation, which are core areas of the limbic system, was also modified. Of note, this system has been associated with emotion, motivation, and memory (Morgane et al., 2005), which are processes of particular significance in advancing age (i.e., Liu et al., 2020). In the present investigation, the main rs-fMRI results when contrasting C1 against sham (i.e., considering the main hubs; Figure 3F) topographically correspond with the estimated electric current distribution on the brain, as the largest electric current values in C1 were observed also in the inferior parietal and particular temporo-occipital brain regions (see Figure 4A). Furthermore, these results were consistent with the position of the electrodes that delivered the highest stimulation intensities in C1 (see Figure 2G and Table 1), namely P3 and P4 (with positive polarity), as well as P7 and P8 (with negative polarity). Interestingly, P3 and P4 electrode positions in the international 10-10 system are anatomically located above the inferior parietal lobule and principally encompass the Brodmann’s area 39 (BA39; Koessler et al., 2009). Moreover, the P7 and P8 electrodes are situated above the middle occipital and inferior temporal gyri and mainly include Brodmann’s areas 37 and 19, respectively (BA37 and BA19; Koessler et al., 2009). Hence, the highest intensity electrodes (regardless of the polarity) topographically covered the temporo-parieto-occipital junction (i.e., De Benedictis et al., 2014). In consequence, in the C1 montage, we observed, at the group level, a clear topographical association between the electrode’s assembly and injected current intensities, the corresponding calculated electric current density distribution in the cortical surface, and the neuroimaging results obtained with rs-fMRI data in our experimental design. Of note, no clear multifocal tDCS effects were observed at the rs-fMRI level in C2, potentially because the delivered stimulation was not sufficient to induce an observable functional connectivity modulation in the studied aging brains (for a visual inspection, compare Figures 4A,B, and see Figures 4C,D plots).

In previous literature, considerable inter-individual variability in response to distinct NIBS protocols has been observed (i.e., Hamada et al., 2013; López-Alonso et al., 2014; Wiethoff et al., 2014). These reports highlight the importance of identifying the individual predictors of NIBS effects, particularly in older adults, where substantial attempts have been made to modulate and optimize brain function and the associated cognitive performance (i.e., Antonenko et al., 2018; Nilakantan et al., 2019). In the present study we focused on the magnitude of the simulated electric current density as a potential factor contributing to such variability. In this vein, we investigated whether dissimilar individual differences in rs-fMRI modulation were related to the electric current magnitude estimates within the designated main ROIs. We observed that, in specific functional couplings, the higher the magnitude of calculated current values, the lower the coactivation increment. Thus, it is conceivable that aged individuals with dissimilar neuroanatomical characteristics (which relates to distinct simulated current density parameters) may require differential stimulation intensities to result in optimal modulations of functional brain connectivity. The hypothesis of the stochastic resonance might provide a mechanistic explanation of this state-dependency observation. According to Polanía et al. (2018), the stochastic resonance is a phenomenon referring to a situation in which a signal that is too weak to be detected by a sensor might be enhanced by adding an optimal level of noise. This assumption proposes that in a non-linear system, as the brain is, there are optimal noise levels for neural processing, and only intermediate, but not high or low levels of noise, can led to higher discriminability of the signal of interest. In this vein, the presence of neural noise (that can be added by means of NIBS) might confer to neurons more sensitivity to a given range of weak inputs, thereby rendering the signal stronger, or even synchronized (for a review, see Miniussi et al., 2013). This phenomenon has been reported in previous experimental NIBS studies, both using transcranial magnetic stimulation (TMS; Abrahamyan et al., 2011) and conventional tDCS (Peña-Gómez et al., 2011). More precisely, Abrahamyan et al. (2011) demonstrated that visual sensitivity can be improved with the right amounts of noise induced by means of TMS to the visual cortex. Further, in a previous study from our group, it was observed that distinct personality traits (introverts vs. extraverts), which might entail distinct baseline levels of brain activity, responded behaviorally different to the same tDCS protocol. The authors explained these results within the stochastic resonance paradigm, claiming that introverts, with higher levels of intrinsic neural activity, could have reached the threshold more easily than extraverts with a relatively weak electrical stimulation (see Peña-Gómez et al., 2011). Our data, using multifocal tDCS, appear to be consistent with the hypothesis that specific amounts of current density are required to produce an optimal neural effect (i.e., an increase in functional coactivation). On the contrary, both not delivering enough electrical current in the targeted brain structures (i.e., as could have occurred in C2), as well as a supplying supposedly excessive electrical current, could result in suboptimal neural effects (i.e., a functional coactivation reduction). In this vein, our results shows that the induced electric current magnitude estimates, which are contingent to the individual head and brain anatomy (Thielscher et al., 2011; Miranda et al., 2013), might entail a feasible predictive value regarding NIBS effects in aging when considered within this noise generation hypothesis.

Altogether, our data show that multifocal non-invasive stimulation models and protocols are capable to effectively modulate precise fMRI configurations in older adults. These observations may have important future implications for the cognitive neuroscience of aging field, since many of the neural basis regarding cognitive functioning, longitudinal trajectories and inter-individual differences, including the development of theoretical models, have been mainly based on studies employing this imaging technology (Grady, 2012; Cabeza et al., 2018; Vaqué-Alcázar et al., 2020). Furthermore, fMRI changes can effectively track the positive impact of behavioral interventions aimed to ameliorate cognition in the elderly (Duda and Sweet, 2020), including its combined effects with NIBS (Antonenko et al., 2018). Therefore, and as opposed to the use of conventional tDCS montages, the possibility of a priori designing particular NIBS-based interventions of regional-specific fMRI patterns may offer a valuable and refined approach for studies intended to optimize complex brain configurations amongst older individuals, or to investigate the impact of interventions in clinical trials. Moreover, the obtained tDCS results at the individual level are aligned with the notion that an exhaustive neuroanatomical characterization is critical to determine the right amount of stimulation required to produce optimal neurophysiological effects in each subject.



LIMITATIONS

The present study is not without limitations. First, it is worth noting that the present investigation focused on the large-scale brain networks that hypothetically sustain cognitive aging, but not in cognitive performance itself. Hence, forthcoming studies should make an effort to unify the various levels of brain description (i.e., cells, networks, behavior) toward a comprehensive characterization of brain–behavior relationships in advanced age. Furthermore, although the observed results in fMRI data are unlikely to be due to poor control of the experimental conditions, our study could have improved methodologically by several different means, for instance, by using a sham condition for each real stimulation condition. Moreover, it is worth noting that our original modelings designed with Stimweaver were based on the template Colin27. Models based on aged brains or on individual MRIs could have improved the multifocal tDCS montage for both conditions. Furthermore, even though our individually generated models topographically matched the originally designed, future experimental investigations should incorporate both a T1- and a T2-weigthed acquisitions to optimize the electric current simulation procedures. Further in this line, it is pertinent for T1 images to be acquired without the stimulation cap assembled to avoid potential confounders in the segmentation process. Finally, it must be recognized that in all simulation-based electric current planning systems, there is uncertainty about the precise conductivity values that should be used for the different tissues and materials when creating and analyzing a model for a particular montage (see for further detail Miranda et al., 2013; Saturnino et al., 2019). Notwithstanding, notable advances are being achieved in this vein (Huang et al., 2017).



CONCLUSION

Present results highlight that multifocal electrical stimulation protocols are capable of modulating neural dynamics in the elderly. Moreover, this functional modulation is related with the simulated electric current distribution on the brain. Thus, applying network-based procedures might entail a novel feasible approach to accurately target and modulate specific fMRI networks and connections critically involved in the cognitive aging process. Further, we have shown that the estimated magnitude of current density is a relevant factor accounting for the individual variability to NIBS in aged populations. Gathering knowledge about these variables will allow us to ultimately refine the parameters of transcranial stimulation to boost the brain and the potential cognitive benefits derived from NIBS-based interventions in advanced age.
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To date, there is a shortage of effective treatment strategies for Alzheimer’s disease (AD), and although repetitive transcranial magnetic stimulation (rTMS) can improve AD cognitive function, there are obvious individual differences, which may be related to different apolipoprotein E (APOE) genotypes. As the risk and pathogenesis of AD varies greatly among different genotypes precise treatment strategies should be implemented depending upon genotype, which has not been proved by clinical studies. Apart from that, the published clinical studies are highly heterogeneous, and therefore, systematic and well-developed randomized controlled Trails (RCT) and demonstration of precise administration protocols are required. To verify this hypothesis, this project designed a RCT study, and randomly divided apoE4 carrier AD and non-carrier AD into high-frequency rTMS (HF-rTMS) or low-frequency rTMS (LF-rTMS) treatment groups. Specifically, 80 patients with AD, namely 48 APOE4 carriers and 32 non-APOE4 carriers will be included in the study. After that, based on different stimulation frequencies of rTMS, they will be divided into the HF-rTMS group and the LF-rTMS group, when patients with AD will be randomly assigned to different treatment groups. After AD patients are involved in the study, their memory, cognition, anxiety, depression and activities of daily living will be tested before and during 2 weeks of rTMS. Furthermore, peripheral blood will be collected before and after treatment to detect changes in pathological indexes via MSD platform (Meso Scale Discovery), while 32-channel EEG data will be also collected to detect and analyze changes in gamma oscillation. In addition, these patients will be followed up for 6 months and their neuropsychological scale was also evaluated every month. At present, our study has included 18 AD patients (10 APOE4 carriers; 8 non-carriers). Our study is still in progress. The grouping has not been unblinded. But the preliminary data demonstrated that non-carriers had better MoCA score improvement than APOE4 carriers. The results indicated that the two populations of AD patients should be treated differently. Thus, this project will provide direction for precision rTMS in AD and also promotes a shift in relevant treatment philosophy.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [ChiCTR2100041625].

Keywords: repetitive transcranial magnetic stimulation (rTMS), Alzheimer’s disease (AD), APOE genotype, APOE4 carriers, randomized controlled Trail (RCT), preresults


INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by memory loss and cognitive dysfunction, with a very high prevalence in the middle-aged and elderly population. In this context, hundreds of billions of dollars have been invested in related research and development worldwide, but unfortunately, there are still no drugs with proven efficacy. Moreover, patients may wander and lose their ability to live in the late stages, which is a heavy burden for society and families (Zhou et al., 2019). Therefore, investigating new treatments is urgently needed.

Repetitive transcranial magnetic stimulation (rTMS) is a safe, non-invasive, and inexpensive neuromodulation that can affect the synaptic plasticity of neurons and enhance brain function by adjusting parameters such as stimulation frequency and stimulation intensity (Bestmann, 2008). In recent years, some researchers have tried to adopt rTMS to treat Alzheimer’s disease and found that it has a better therapeutic effect (Dong et al., 2018; Chou et al., 2020). The current clinical treatment of Alzheimer’s disease with medications has unsatisfactory therapeutic effect. Zhang et al. (2021) reported a meta-analysis of pharmacological treatments showing that improvement of Mini-mental State Examination (MMSE) score standard mean difference (SMD) ranges from −0.29 to 0.49; Lu et al. (2020) also reported another analysis of anti- Aβ agents for mild to moderate Alzheimer’s disease suggesting no effect of anti- Aβ drugs vs. the placebo group (SMD of MMSE score improvement: −0.29, 95% CI −0.76–0.17; SMD of ADAScog score improvement: MD: 0.20, 95% CI: −0.40–0.81). In contrast, Chu et al. (2021) reported a promising result. The patients who received high-frequency TMS treatment had a significant improvement in MMSE score (1.65, 0.77–2.54) when compared with sham TMS. In addition, Dong et al. (2018) report also supported the viewpoint that high-frequency rTMS led to a significant improvement in cognition as measured by ADAS-cog (MD = −3.65, 95% CI −5.82 to −1.48). Although the results derived from different study samples, their subjects were AD patients. Although there are no studies designed to compare the differences in therapeutic effects between drugs and rTMS, these data point to the possibility that rTMS is superior to drug therapy of AD patients.

Unfortunately, the results of the published clinical studies on transcranial magnetic stimulation greatly differ, with different parameters and stimulation targets being used, and a wide variation in stimulation patterns (Dong et al., 2018; Chou et al., 2020). Specifically, there are obvious individual differences in patient response to transcranial magnetic stimulation (Dong et al., 2018; Chou et al., 2020). Therefore, the precise implementation of transcranial magnetic stimulation therapy is crucial.

How to precisely direct the rTMS strategy is remains unsolved. However, recent studies indicate that APOE gene-typing is a possible candidate. The apolipoprotein gene (APOE) that can be classified into E2, E3, and E4 subtypes based on the differences in the bases encoding the rs429358 and rs7412 loci but falls into six genotypes according to the double allele typing. The different genotypes play different roles in the pathogenesis of Alzheimer’s disease. The APOE ε2 allele proven to be the strongest genetic protective factor but the APOE ε4 allele was the strongest genetic risk factor for Alzheimer’s disease after multiple large scale genome-wide studies (Serrano-Pozo et al., 2021). Several researchers have called for the study and treatment of carriers and non-carriers as different phenotypic groups (Yamazaki et al., 2019; Serrano-Pozo et al., 2021). In addition, the other researchers found that APOE ε4 allele carriers had a different outcome of physical exercise treatment (Cancela-Carral et al., 2021). Therefore, we speculate that different APOE ε4 allele carriers have different outcomes of rTMS.

Its potential mechanism may be related to impairment of the function of GABAergic interneurons (Knoferle et al., 2014; Lenz et al., 2016; Wang et al., 2018). Many studies have suggested that the APOE4 allele can reduce the number and impair the function of GABA interneurons in the brain and increased cortical excitability (Knoferle et al., 2014; Lenz et al., 2016; Wang et al., 2018). This feature can also be confirmed by EEG results. High-frequency gamma oscillations are generally encoded by GABA interneurons in the brain (Traub et al., 2003; Colgin et al., 2009; Buzsaki and Wang, 2012; Gillespie et al., 2016). Inhibition of this neuronal activity can lead to a reduction in gamma oscillations, and the reduction of gamma oscillations in the brain of APOE4 carriers (Traub et al., 2003; Colgin et al., 2009; Buzsaki and Wang, 2012; Gillespie et al., 2016) is closely related to the symptoms of AD (Zhao et al., 2018; Etter et al., 2019; Najm et al., 2019). Transcranial magnetic stimulation can improve gamma oscillation power and amplitude, and improve cognitive function (Barr et al., 2009). These results suggest that the damage to gamma oscillation activities caused by the APOE4 allele may affect the treatment results. In summary, it is clear that the APOE genotype determines the number and function of GABAergic neurons in AD patients, and therefore may be related to the heterogeneity of transcranial magnetic stimulation effects. Considering this background, transcranial magnetic stimulation treatment protocols being implemented should vary with APOE genotypes.

Previous studies have tested the effect of both high-frequency rTMS (HF-rTMS) and low-frequency rTMS (LF-rTMS). Interestingly, it was found that both HF-rTMS of the left dorsolateral prefrontal cortex (L-DLPFC) and LF-rTMS of right dorsolateral prefrontal cortex (R-DLPFC) exhibited significant therapeutic efficacy (Chou et al., 2020). Additionally, Ahmed et al. (2012) reported that LF-rTMS of L-DLPFC also showed significant therapeutic efficacy for mild to moderate dementia. But there are no uniform guidelines or standards to guide the choice of treatment protocol. In terms of experience, most doctors will choose high frequency as the treatment scheme. The present study will adopt the left dorsolateral prefrontal cortex (L-DLPFC) as the intervention target.

We believe that different APOE4 carriers should be given different treatment schemes than non-APOE4 carriers because of the excitability of their neural networks is different. The APOE4 carriers have increased network excitability due to the impairment of GABAergic interneuron function (Najm et al., 2019). Compared with the APOE ε3 allele, APOE ε4 allele increases Ca2+ excitability due to lysosome dysregulation and impaired modulation of Ca2+ responses upon changes in extracellular lipids (Larramona-Arcas et al., 2020). Traditional theory suggests that high-frequency rTMS increases cortical excitability by inducing long-duration enhancement potentials, while low-frequency rTMS decreases cortical excitability by inducing long-duration inhibition potentials (Pell et al., 2011). GABAergic neuronal receptor activity is mainly associated with chloride channel opening (Traub et al., 2003), and high-frequency stimulation is more likely to induce long-term potentiation (LTP) (Pell et al., 2011). Hence, high-frequency treatment contributes to more gamma oscillatory activity and better therapeutic effects. However, for APOE4 carriers with more significant loss of GABAergic neurons (Knoferle et al., 2014; Najm et al., 2019), HF treatment may be less effective. In this case, low-frequency therapy may be more suitable for that kind of patients. Therefore, in this study, it is believed that different transcranial magnetic stimulation regimens should be selected for AD patients based on APOE genotypes, so as to obtain precise treatment strategies.

In summary, this paper aims to study the difference in the efficacy of different rTMS strategies in AD patients with different APOE genotypes, and analyze the changes of gamma oscillations.



OBJECTIVES

The primary objective of the study is to analyze the different efficacies of rTMS in AD patients with different APOE genotypes, so as to provide the basis for the precise treatment of AD.

The secondary objective is to analyze the changes in gamma oscillations and pathological indicators in different APOE genotypes, thus being conducive to the precise treatment of AD.



METHODS


The Recruitment and Inclusion of Alzheimer’s Disease Patients

The patients are recruited in two main ways: (1) Online recruitment: our recruitment program was announced on our hospital’s official website in February this year1. Then, all eligible Alzheimer’s disease patients could apply for rTMS treatment by filling in the online form.

(2) Hospital system: The hospital information retrieval system are also adopted to obtain information about patients with cognitive impairment and call to ask if they would like to participate in the recruitment program. Then, those who are interested in the program will enter into our patient recruitment diagnostic process.

These candidates applying for rTMS treatment will undergo neuropsychological assessments in the outpatient clinic of our hospital. Then, those with cognitive impairment are recommended for MRI scanning so as to assess the extent of hippocampal atrophy, while those with an MTA score ≥ 2 are the potential AD patients, which are diagnosed by the neuroimaging specialist (Figure 1). In addition to that, the data of these patients will be further evaluated by two neurologists. Furthermore, the eligible applicants for a clinical diagnosis of Alzheimer’s disease should meet our inclusion criteria and exclusion criteria. Beyond that, they should sign a subject informed consent form with our research team. Here, it should be mentioned that before rTMS treatment, patient blood samples were collected for APOE genotyping (Table 1).
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FIGURE 1. Flow chart of the present RCT study. MMSE, Mini Mental State Examination; rTMS, repetitive transcranial magnetic stimulation; MoCA, Montreal Cognitive Assessment Scale; ADAScog, Assessment Scale-cognitive subscale; Center for Epidemiologic Studies Depression Scale (CES-D); Activity of Daily Living (ADL); MSD, Meso Scale Discovery.



TABLE 1. APOE genotyping is determined by promoter polymorphisms of two single nucleotides (rs429358 and rs rs7412).
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The inclusion and exclusion criteria are as follows:

Inclusion criteria


(1)The age ranges from 50 to 85 years old.

(2)Subjective perception of memory loss more than 1 year; MMSE ≤ 26 (level of education more than 7 years: MMSE ≤ 26; level of education 1–7years: MMSE ≤ 24; level of education less than 1 year: MMSE ≤ 19).

(3)MRI exhibits medial temporal atrophy (hippocampus, entorhinal cortex, amygdala); MTA visual evaluation scale ≥ 2.



Exclusion criteria


(1)There was a history of severe brain lesions or brain surgery, such as brain tumor, hydrocephalus and intracranial hematoma.

(2)The patients have received TMS treatment, transcortical electrical stimulation, deep brain electrical stimulation, or vagus nerve electrical stimulation prior to application.

(3)There are serious complications, such as frequent seizures, brain tumor surgery, intracranial infection, serious heart disease, lung disease, mania, and severe mental disorders.

(4)The patient had an implanted pacemaker, defibrillator, cochlear implant, other nerve stimulator, or steel plate, and could not accept TMS therapy or MRI scanning.

(5)The patient suffers frontotemporal dementia, vascular dementia, Lewy body dementia, or other diseases.

(6)White matter lesions with a Fazekas score > 3 and cerebral infarction in medial temporal lobes were excluded.

(7)Others referred to the NINCDS-ADRDA exclusion criteria (revised—2007) (Dubois et al., 2007).



Exit criteria


(1)Subjects voluntarily withdraw from the study for personal reasons.

(2)Subjects are unable to continue to participate in the study due to a serious medical condition, such as a cardiovascular accident, or those that would have a significant impact on the study results.

(3)Subjects developed serious treatment-related complications, are unable to tolerate the treatment dose or could not complete the associated assay.





Apolipoprotein E Genotyping

DNA was extracted from the patients’ peripheral blood. Then, genotyping was performed by snapshot SNP typing. In addition, APOE alleles and genotypes were determined by sequencing rs429358 and rs7412 at exon 4 of the APOE gene. Furthermore, APOE status was defined by the possessing one or more copies of E2, E3 and E4, whereas APOE ε4 positive status was confirmed as the ε4/ε4; ε3/ε4 or ε2/ε4 (Risacher et al., 2015). In the experimental steps, 2 ml anticoagulant peripheral venous blood was taken to extract leukocytes, genomic DNA was extracted from blood samples by silicon matrix adsorption column method for PCR amplification of target genes, and then the PCR products were purified. After snapshot extension reaction, sequencing and analysis were carried out. The primer sequences used for genotyping were:rs429358-F: AATC GGAACTGGAGGAACAAC; rs429358-R: GATGGCGCTGAG GCCGCGCTC; rs7412-F: AATCGGAACTGGAGGAACAAC; rs7412-R: GATGGCGCTGAGGCCGCGCTC.



Randomization and Allocation


Stratified Randomized Groups

In this study, 48 APOE4 carrier AD patients (APOE4-AD) and 32 non-APOE4 carrier AD patients (Non-APOE4-AD) will be recruited. Then, they will be assigned to the HF-rTMS group and the LF-rTMS group based on the stratified randomization method: 40 for the HF-rTMS group and 40 for the LF-rTMS group, while in subgroups, 24 patients will be assigned to in the APOE4-HF group, 24 patients will be assigned to the APOE4-LF group, 16 patients will be assigned to non-APOE4-HF group, and 16 will be assigned to the non-APOE4-LF group. The specific process is as follows: Our team members consist of quality control personnel, TMS therapy physicians, neuropsychological assessors and laboratory staff. Specifically, quality control personnel are responsible for quality control of study data and grouping randomization; TMS therapy physicians perform TMS treatment based on information from quality control personnel; neuropsychological assessors conduct neuropsychological assessments before, during and after treatment and follow-up; laboratory staff are in charge of blood sample processing and testing. In addition, the grouping randomization information will not be released by quality control personnel until the primary endpoint of the study has been met for all program participants at follow-up (Table 1).

The postadmission randomization process are performed by the quality control staff. Specifically, the admission sequence of APOE4 carriers and non-carriers was 1–48 and 1–32, respectively, and the admission numbers of carriers and non-carriers were randomized using Excel sheet randomization to assign them within the HF-rTMS and LF-rTMS groups, respectively. When the follow-up of all subjects reached the clinical trial endpoint, the project quality control staff and the project leader verified the grouping information for unblinding and summarized the project data for statistical analysis.




Repetitive Transcranial Magnetic Stimulation Therapy

HF-rTMS group: The rTMS therapy are performed by a transcranial magnetic stimulator (XY-K-JLC-D, Xiangyu Medical, China).


TMS Target: Left Dorsolateral Prefrontal Cortex (L-DLPFC)

The patients accepted 14 consecutive days of TMS therapy (twice a day), with each treatment lasting for 30 min (110% of motor threshold, 20 Hz, 1 s, 29 s interval, 1200 pulses per treatment, 33,600 total sessions).

LF-rTMS group: The rTMS therapy was performed by transcranial magnetic stimulator (XY-K-JLC-D, Xiangyu Medical, China).



TMS Target: Left Dorsolateral Prefrontal Cortex (L-DLPFC)

The patients accepted 14 consecutive days of TMS therapy (twice a day) with each treatment lasting for 30 min (110% of motor threshold, 1 Hz, he stimulation time 40 s, 20 s interval, 1200 pulses per treatment, 33,600 total sessions).




Localization of Transcranial Magnetic Stimulation Target

First, the skull surface position of the left precentral gyrus are located. Specifically, the midpoint of bilateral cerebral hemispheres will be confirmed by that of the patient’s bilateral tragus above the skull. Then, the location of the superior sagittal sinus was identified by connecting the nasal root position, the midpoint of bilateral cerebral hemispheres and the external occipital protuberance. It should be mentioned that the midpoint of this line is that of the superior sagittal sinus, which corresponds to the location of the central sulcus. Then, the skull surface position of the hand representation area in the central anterior gyrus was measured by 5 cm left siding from this midpoint in a direction perpendicular to the sagittal line. Furthermore, the left dorsolateral prefrontal region, the target area for rTMS, was located at 20% of the sagittal sinus length from this point in parallel to the sagittal line in a forward translation.



Study Process

After AD patients are included in the study, their neuropsychological scales, including cognition, anxiety, depression, activities of daily living and other scales will be assessed. Then, they will be assigned to HF-rTMS or LF-rTMS group and accept due treatment for 2 weeks. During the treatment, the neuropsychological scales will be assessed every week. In addition, blood test results and 32-channel EEG data will be collected before and after treatment, while a 6-month follow-up will be carried out after treatment (Figure 1).



Neuropsychological Assessments

The Mini Mental State Examination (MMSE), Montreal Cognitive Assessment Scale (MoCA) and Alzheimer’s Disease Rating Scale cognitive subscales (ADAS-cog) will be used to assess cognitive function, while the Generalized and Center for Epidemiologic Studies Depression Scale (CES-D) will be adopted to assess the mood of all the participants. In addition, daily activity is measured using the Activity of Daily Living (ADL) scale. All scales are tested with common forms and unified guidelines. The evaluators all have received standardized training and they will communicate with the subjects in local language.



EEG Acquisition and Calculation and Analysis of EEG Metrics

EEG data will be collected via a high-density 32-channel EGI system (g.tec) with a sampling rate of 500 Hz and a mastoidea reference. During the recording, patients are instructed to stay awake, relax, and close their eyes for 10 min. Then, a bandpass filter (from 0.5 to 200 Hz) and a notch filter at 50 Hz and 100 Hz were applied. In addition, EEG will be collected under the condition of eyes closed, followed by preprocessing via MATLAB software, such as baseline adjustment, filtering, depression filtering, and referring. Finally, the changes in EEG power and spectra in different frequency bands before and after treatment of different genotypes were analyzed and compared.

EEG metric data will be processed and analyzed by MATLAB 2017. Beyond that, power spectral density (PSD), median spectral frequency (MSF) and spectral entropy measure dynamics of brain signals at a single electrode site are based on spectral frequency content.

For the main analysis, 10 EEG metrics: PSD in delta (1–4 Hz), theta (4–8 Hz), alpha1 (8–10 Hz), alpha2 (10–13 Hz), beta 1(13–20 Hz), beta 1(20–30 Hz), gamma1 (30–48 Hz), and gamma1 (48–100Hz) will be calculated, and then averaged across all epochs (60 s recording).



Outcomes

The primary end point is the quantitative index, namely MMSE, whereas the secondary outcome measures are MoCA, ADAS-cog, GAD-7, CES-D, and ADL.



Sample Size Calculation

The sample size of this project was calculated by Pass software on the basis of previous literature. In this study, the MMSE scores of the HF-rTMS group and the LF-rTMS group were 10.4 ± 1.7 and 10.2 ± 1.8, respectively, before treatment. After 2 weeks of rTMS treatment, their MMSE scores reached 11.2 ± 1.9 and 8.8 ± 2.3, respectively (Ahmed et al., 2012), when the target effect size had 80% power (β = 0.10) and a type I error was 5% (α = 0.05). In addition, the group sample size of 13 and 12 achieved 81% power for detecting a difference of 2.4 between the null hypothesis and that the mean of both groups is 11.2 and the alternative hypothesis that the mean of Group 2 is 8.8 with known group standard deviations of 1.9 and 2.3 and a significance level (alpha) of 0.050 using a two-sided two-sample t-test, while the sample size of each subgroup is at least 13. Considering the loss of follow-up, falling off and sample data being eliminated due to data quality, the sample size should be increased by 20%. Thus, the final sample size of each subgroup are at least 16. Furthermore, the ratio of APOE4 carriers to non-APOE4 carriers are set to 3:2 according to the comparison of population samples and our previous study. Other than that, in this study, 80 participants, with 48 APOE4 carriers and 32 non-APOE4 carriers will be recruited.



Quality Control and Quality Assurance

Two neuroscientists, a neuroimaging specialist and an expert in geriatrics, worked together to examine the participants and provide a diagnosis for each participant. In addition, training was provided for all researchers, while all items involved in the test, such as blood samples, EEG data processing and neuropsychological assessments were monitored by the quality control committee who randomly selected data samples to send to a third party for retesting or re-evaluation. Data entry was performed by EpiData Entry software and was also monitored by the quality control committee who further randomly selected the input information and paper information. To control the impacts of clinical treatment, we strictly restricted medication. Oral medication before and during hospitalization as well as during follow-up remained unchanged except for sudden diseases, such as cardiovascular and cerebrovascular accidents and aggravation of primary diseases. If there are errors, the sampling proportion will be expanded, while if the input error proportion is high, a second person needs to check and correct the input data. Moreover, all data were monitored and reviewed by the principal investigator or research coordinators.



Biomarker Test of Blood Samples

Aβ1-42, Aβ1-40, p-tau217 and other indicators of the plasma were detected by liquid phase flow cytometry (using the MSD platform) before and after treatment to evaluate the outcome of pathological indicators. Specifically, blood samples were collected at 7:00 a.m. before and after treatment, and plasma samples were obtained after centrifugation for MSD detection.



Statistical Methods


Statistical Analysis Methods

(1) Descriptive analysis: the counting data was presented as the mean ± standard error; (2) the counting data was compared between groups by performing the continuous correction χ2-test, when the theoretical frequency of more than 25% cells was less than 5. The Fisher exact probability method was adopted; the independent sample t-test was conducted for comparison between groups of normally distributed measures; repeated-measures ANOVA was employed to analyze repeated data between groups in different time. For non-normally distributed measures, the Wilcoxon rank sum (WRS) test was used for comparisons between groups.



Statistical Hypothesis

The primary endpoint of this study was the end of treatment and completion of the 3-month follow-up for all subjects, and its indicator was the MMSE score. Apart from that, the study hypothesis is to demonstrate the superiority of HF-rTMS over LF-rTMS in transcranial magnetic stimulation protocols for patients with Alzheimer’s disease. In terms of subgroup analysis, the HF treatment group was preferentially compared with the low-frequency treatment group of non-APOE4 carriers; if the statistical result of P-value is less than 0.05, then the comparison between the HF treatment group and the low-frequency treatment group of APOE4 carriers is made in order. If the statistical result of P-value is less than 0.0125, then the comparison among the four subgroups is considered significant.




Ethics and Dissemination

This study protocol was been approved by the Clinical Research Ethics Committee of the First Affiliated Hospital of Shantou University Medical College (approval number: 2020-115-XZ2). Apart from that, our team will inform all participants individually of detailed information about our research, while informed consent will be obtained from all participants and/or their legal representatives. In addition, participants will be allowed to withdraw from the study any time, but the reason will be recorded. Furthermore, the results of the study will be reported in peer-reviewed journals and presented at national or international conferences on neuromodulation.



Results in Progress

Our study is still in progress. Our current data are the preliminary data of the RCT study, and the grouping has not been unblinded. We analyzed the demographic informatics of APOE4 carriers and non-carriers and the changes in cognitive function scores before and after 2 weeks of rTMS treatment. More detailed information was displayed in Supplementary Table 1.

To date, 18 patients with clinically diagnosed Alzheimer’s disease have been included and have received rTMS treatment for 2 weeks. Among them, ten were APOE4 carriers; eight were non-carriers, and there were no significant differences in age, education or gender (Table 2). They were randomly assigned to the high-frequency treatment group or the low-frequency treatment group. Because the study was not blinded, we could not know which subgroup they were assigned to. We could only analyze the overall treatment effect. According to our preliminary results, there was no significant difference in MMSE score, MoCA score except ADAScog (Supplementary Table 1) score between the two groups before and after treatment. When comparing the improvement rate of the two groups, there was a significant difference in the improvement of MoCA score between the two groups. For non- carriers, the MoCA score but not the MMSE or ADAScog score improved by 2.65 ± 3.15, while for carriers, it improved by 0.1 ± 1.7 (t = 2.164, p = 0.046, Figures 2A–C).


TABLE 2. Characteristics of the study cohort.
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FIGURE 2. Evaluation of the changes in neuropsychological scale of APOE4 carries and noncarriers pre-rTMS and post-rTMS. (A) MMSE improvement; (B) MoCA improvement; (C) ADAScog improvement. rTMS, repetitive transcranial magnetic stimulation; MoCA, Montreal Cognitive Assessment Scale; ADAScog, Assessment Scale-cognitive subscale. *Indicates of a P-value < 0.05.





DISCUSSION

Transcranial magnetic Stimulation (TMS) is a magnetic stimulation technique that uses a transient magnetic field to generate induced currents in the cerebral cortex, thus altering the membrane potential of cortical neurons (Bestmann, 2008). In addition, it is also a painless, non-invasive, safe and reliable tool for non-invasive physiotherapy and research on the central and peripheral nervous systems (Pell et al., 2011). Since the invention of transcranial magnetic stimulation by Anthony Barker from the University of Sheffield in 1985, this technique has been rapidly applied to neuroscience research and clinical practice (Pell et al., 2011). Specifically, in the past 20 years, the number of articles published on TMS has geometrically increased. At present, TMS has been widely used in neuroscience, neurology, psychiatry, rehabilitation medicine, medical psychology and other fields.

At present, there is no effective drug for Alzheimer’s disease (Lu et al., 2020; Zhang et al., 2020). Doctors or researchers in many fields are trying variable treatment methods. Transcranial magnetic stimulation is a form of non-invasive nerve regulation, which has very good prospects in the treatment of AD (Dong et al., 2018; Chou et al., 2020; Chu et al., 2021). Several meta-analyses demonstrated the superiority of transcranial magnetic stimulation in the treatment of AD (Dong et al., 2018; Chou et al., 2020; Chu et al., 2021). However, at present, the number of RCTs remain relatively few. Different researchers in previous studies adopted different stimulation targets, intensities, and frequencies, resulting in great differences among these studies. At present, the rTMS protocol continues to rely on empirical selection, and there is no unified understanding of the reference basis. More importantly, according to many published research data, there are great individual differences among different patients in the same research project. This individualized difference also puts forward the demand for accurate rTMS schemes.

Our project hypothesis holds that the treatment scheme can be selected according to the APOE genotyping of Alzheimer’s disease. Although our study has not been unblinding, the preliminary results showed the difference in the treatment effect between APOE4 carriers and non-carriers. Thus, it is very necessary to treat APOE4 carriers and non-carriers differently in the treatment scheme. Precise neuromodulation is also the future trend. Furthermore, the current research of our project team is to guide the precise treatment of Alzheimer’s disease through different gene phenotypes, thus providing guidance for precise and non-invasive neural regulation of AD, and promoting the transformation of transcranial magnetic stimulation in AD treatment.
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A series of neuropathic pain conditions have a prevalence in older adults potentially associated with declined functioning of the peripheral and/or central nervous system. Neuropathic pain conditions demonstrate defective cortical excitability and intermissions, which raises questions of the impact of pain on cortical excitability changes and when to deliver repetitive transcranial magnetic stimulation (rTMS) to maximize the analgesic effects. Using prolonged continuous theta-burst stimulation (pcTBS), a relatively new rTMS protocol to increase excitability, this study was designed to investigate pcTBS analgesia and cortical excitability in the context of pain. With capsaicin application, twenty-nine healthy participants received pcTBS or Sham stimulation either in the phase of pain initialization (capsaicin applied) or pain ascending (20 min after capsaicin application). Pain intensity was measured with a visual-analogic scale (VAS). Cortical excitability was assessed by motor-evoked potential (MEP) and cortical silent period (CSP) which evaluates corticospinal excitability and GABAergic intracortical inhibition, respectively. Our data on pain dynamics demonstrated that pcTBS produced a consistent analgesic effect regardless of the time frame of pcTBS. More importantly, pcTBS delivered at pain initialization induced a larger pain reduction and a higher response rate compared to the stimulation during pain ascending. We further provide novel findings indicating distinct mechanisms of pcTBS analgesia dependent on the context of pain, in which pcTBS delivered at pain initialization was able to reverse depressed MEP, whereby pcTBS during pain ascending was associated with increased CSP. Overall, our data indicate pcTBS to be a potential protocol in pain management that could be delivered before the initialization of a pain episode to improve rTMS analgesia, potentially through inducing early corticospinal excitability changes that would be suppressed by nociceptive transmission.
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INTRODUCTION

Chronic neuropathic pain results from etiologically diverse disorders affecting the peripheral or the central nervous system (Scholz et al., 2019). A series of neuropathic pain conditions (e.g., postherpetic neuralgia and diabetic neuropathy) has a prevalence in older adults (Cunningham et al., 2016; John and Canaday, 2017; Ponirakis et al., 2019). Transcranial magnetic stimulation (TMS) is a safe and noninvasive form of brain stimulation. Repetitive TMS (rTMS) can induce neuroplastic changes, which have been used to manage chronic pain (Mhalla et al., 2010; Klein et al., 2015; Parker et al., 2016) and other neural degenerative conditions (Ahmed et al., 2012; Rabey et al., 2013). Indeed, high-frequency (≥5 Hz) rTMS over the primary motor cortex (M1) is suggested to be able to reduce neuropathic pain in randomized controlled studies (Hosomi et al., 2013, 2020; Attal et al., 2021). Overall, the clinical application of rTMS in chronic pain is still limited by the response rate, whereby it is close to moderate and far from being excellent at its best (Lefaucheur et al., 2014). It is therefore important to optimize the analgesic efficacy of rTMS.

In clinical settings, there is significant variability in pain intensity between rTMS treatment sessions. More specifically, the progress of a pain episode is associated with pain initialization, pain ascending and stabilizing, and pain reduction gradually. This raises questions of the temporal dynamics of pain, its impact on cortical excitability, and when to deliver treatments to maximize the benefits. Meta-analytic evidence has indicated shortened cortical silent period (CSP) in chronic pain populations (Parker et al., 2016), in which the duration of CSP is thought to indicate GABAB-mediated intracortical inhibition (Werhahn et al., 1999). Moreover, motor-evoked potential (MEP) has been repeatedly demonstrated to be suppressed by both provoked (Farina et al., 2001) and chronic pain (Cosentino et al., 2014; Coppola et al., 2019). These studies demonstrate an inhibitory impact of pain on corticospinal excitability and intracortical inhibition. More importantly, the analgesic effects of rTMS could result from the restoration of defective cortical excitability induced by pain (Lefaucheur et al., 2006; Mhalla et al., 2011). It is therefore important to systemically investigate the analgesic influence of rTMS in the context of pain levels and cortical excitability changes.

Neuropathic pain syndromes are clinically characterized by spontaneous pain which has obvious intermissions. Topical application of capsaicin demonstrates temporal dynamics of pain. In general, pain perception tended to reach a significant level after 20 min of capsaicin application, reached the peak amplitude after 40 min and stabilized for at least 20 min, and then started the descending process from 70 to 80 min onward (Farina et al., 2001; Fierro et al., 2010). This pattern of pain dynamics is suggested to be able to mimic the progress of a pain episode (Frias and Merighi, 2016), which provides a unique opportunity to investigate the analgesic impact of rTMS at different pain levels particularly for neuropathic pain conditions.

The investigation of rTMS protocols is also important for improving rTMS analgesia. Theta-burst stimulation (TBS) mimics the bursts of neuronal firing which results in robust long-term potentiation, that is, the combination of the complex-spike pattern (∼100 Hz) with a theta frequency (∼5 Hz) repetition rate (Larson et al., 1986). Continuous TBS (cTBS) is designed to decrease excitability (Huang et al., 2005), whereby prolonged cTBS (pcTBS, i.e., multiple cTBS being delivered continuously) has recently been demonstrated to increase excitability (Klirova et al., 2020; McCalley et al., 2021). Specifically, pcTBS with two times the duration of cTBS converted the conventional inhibitory effect into a facilitatory one by means of increased MEP (Klirova et al., 2020). More importantly, pcTBS was found to have comparable (De Martino et al., 2019) or even better (Moisset et al., 2015) analgesic effects than standard 10 Hz rTMS (but see Klirova et al., 2020). These findings together call for more studies to validate the analgesic efficacy of pcTBS.

Using the fast and patterned pcTBS protocol, the current study was designed to investigate rTMS analgesia in the context of pain levels. With capsaicin application, participants received pcTBS or Sham stimulation either in the phase of pain initialization or pain ascending. These time frames were adopted as TMS tends to take time to act on cortical excitability (Di Lazzaro et al., 2010; Qiu et al., 2020) and therefore it might be late when the pain reaches peak amplitude. MEP and CSP were also evaluated with the purpose of examining cortical excitability dynamics modulated by both pain and pcTBS. It is hypothesized that pcTBS delivered either in the initialization or the ascending phase of pain would be able to reduce pain experience and to increase MEP and CSP compared to the Sham stimulation. We further sought to compare the analgesic efficacy of pcTBS in different pain contexts and to explore the associated cortical excitability changes.



MATERIALS AND METHODS


Participants

An a priori sample size calculation (α = 0.05, power = 0.8, effect size = 0.3) indicated a minimum of 24 participants for the study to be sufficiently powered. The effect size of 0.3 was estimated based on the literature using the same stimulation protocol (Klirova et al., 2020). A group of 29 healthy, right-handed, TMS eligible (Rossi et al., 2011) adults were recruited to account for potential dropouts. Exclusion criteria included history or current diagnosis of psychiatric disorder, or use of psychoactive medication, as assessed by the Mini International Neuropsychiatric Interview (MINI) (Sheehan et al., 1998). No participant withdrew from this study, data from 29 participants (age range: 18–65 years, mean ± SD: 27.17 ± 12.44, 15 females) were therefore analyzed. All participants provided written informed consent before study commencement. This study was approved by the Ethics Committee in the Centre for Cognition and Brain Disorders of Hangzhou Normal University (20210330) and was conducted in accordance with the Declaration of Helsinki.



Experimental Design and Procedure

This was a single-blind, crossover, Sham-controlled study (Figure 1). Participants visited the lab three times (≥72 h intervals), receiving a single session of pcTBS in the ascending (S20) or initialization (S0) of pain, or Sham stimulation (the same as pcTBS protocol, with the coil being flipped 90° to the scalp) with the sequence being pseudo randomized and counterbalanced. In each session, participants were exposed to pain induced by capsaicin application. Corticospinal excitability was measured with MEP and CSP before and after pcTBS in 90 min at an interval of 10 min.
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FIGURE 1. Study design of this study. (A) MEP and CSP protocols. (B) Study protocol. pcTBS was delivered immediately (S0) or 20 min (S20) after capsaicin application. Sham stimulation was randomized to these two conditions at a 50% chance. Pain intensity (VAS) and cortical excitability (MEP and CSP) were evaluated every 10 min up to 90 min. (C) pcTBS protocol. pcTBS consists of a burst of 3 pulses given at 50 Hz repeated every 5 Hz, totaling 1,200 consecutive pulses. RMT, resting motor threshold; MEP, motor-evoked potential; CSP, cortical silent period; VAS, visual analog scale.




Resting Motor Threshold and Corticospinal Excitability

Each session started with the assessment of the resting motor threshold (RMT). RMT was defined as the minimum intensity to induce MEPs > 0.05 mV of the first dorsal interosseous (FDI) muscle in 5/10 trials. Single pulses to the hand region of the left M1 (45° to the midline, handle pointing backward) at 5 s ± 10% jitter intervals were sent by a figure-eight coil connected to a Magstim Rapid2 system (Magstim Company Ltd., United Kingdom). Coil position was measured relative to the nasion and inion to facilitate consistent re-positioning of the coil between sessions (Che et al., 2019).

Corticospinal excitability was measured with MEP and CSP at rest and during a sustained voluntary FDI muscle contraction, respectively (Hupfeld et al., 2020). The maximal voluntary contraction (MVC) was calculated and 20% of MVC was used for tonic contraction in CSP (Fling and Seidler, 2012). A total of 40 single pulses (20 of each) were consecutively delivered to the hand region of the left M1 at 120% RMT (45° to the midline, handle pointing backward). It is worth noting that CSP was evaluated following MEP as the muscle contraction during CSP may have an impact on MEP (Conforto et al., 2004). Corticospinal excitability was measured before and after pain and pcTBS in 90 min at an interval of 10 min, with the purpose to capture the dynamics of corticospinal excitability modulated by pain and pcTBS.



Pain Protocol

Capsaicin application is a widely used tonic pain protocol that has been demonstrated to evoke tonic heat pain lasting up to 90 min (Farina et al., 2001; Fierro et al., 2010). In this study, capsaicin (Dolpyc Teofarma 1%) was applied over the dorsal surface of the right hand in an area of 2 × 2 cm. Pain experience was measured by using a 0–10 point visual-analogic scale (VAS) (0: no pain, 1–3: mild pain, 4–6: moderate pain, and 7–10: severe pain) in 90 min at an interval of 10 min. Pain measurements were collected whereas corticospinal excitability was evaluated for consistency.



Repetitive Transcranial Magnetic Stimulation

Prolonged continuous theta-burst stimulation (pcTBS) was administered to the left M1 at 80% RMT, consisting of a burst of 3 pulses given at 50 Hz repeated every 5 Hz (Moisset et al., 2015; De Martino et al., 2019). A total of 1,200 pulses were delivered with the TMS coil positioned in a posterior-anterior (PA) direction parallel to the midline. In a pain initialization session (S0), pcTBS was delivered immediately after capsaicin application. Meanwhile, a pain ascending session (S20) delivered pcTBS 20 min after capsaicin application. This time point falls in the middle of the pain ascending phase which in general lasts for 40 min (Farina et al., 2001; Brighina et al., 2011; Mavromatis et al., 2016). The Sham stimulation was delivered using the same pcTBS protocol, with the coil being flipped 90° to the scalp so that the magnetic field would be delivered away from the scalp (Pascual-Leone et al., 1999). It is noted that the Sham stimulation was randomized to these two conditions (S0 or S20) at a 50% chance.

The side effect was assessed with painful sensations at the end of each session (Klein et al., 2015), using a numerical rating scale where 0 indicates no pain and 10 most intensive pain.



Data Analysis

Motor-evoked potential (MEP) was calculated from peak to peak. The calculation of CSP duration was based on the mean consecutive difference (MCD) by Garvey et al. (2001), which was highly recommended in a recent review (Hupfeld et al., 2020). This method is briefly described here: (1) all silent period trials were rectified using the absolute value and then were averaged; (2) the MCD of 100 ms of prestimulus EMG was calculated, in which the MCD is the mean successive difference between individual data points; (3) thresholds were set at ±MCD × 2.66 (i.e., 3 SDs), which covers 99.76% of possible prestimulus EMG data points; (4) silent period onset was determined as the time point at which the poststimulus EMG falls below the variation threshold for three consecutive data points, while the silent period offset was defined as the point at which the poststimulus EMG returns above the variation threshold for three consecutive data points.



Statistical Analyses

Statistical analyses were performed with SPSS (version 22; IBM Corporation, Armonk, NY, United States). We initially checked the normality of pain ratings in different combinations of our two factors (i.e., condition and time) with the Shapiro–Wilk test. The normality test was not violated (P > 0.05). A repeated measure two-way ANOVA was performed on pain ratings, with condition (S0, S20, and Sham) and time (T0–T10) being specified as within factors. Post-hoc pairwise comparisons were conducted to further explore the significant main and interaction effects, with the α-level set to 0.05 and Bonferroni corrected.

As pain ratings demonstrated a clear pattern of baseline (T0), ascending (T10–T30), stabilizing (T40–T60), and descending (T70–T90) phases (please refer to Results), pain ratings were further averaged within each phase for clarity. Pain ratings were then analyzed using a 3 (condition: S0, S20, and Sham) × 4 (time: baseline, ascending, stabilizing, and descending) repeated measures ANOVA and Bonferroni corrected at 0.05.

Motor-evoked potential and CSP data were also analyzed based on this pattern using three conditions: (S0, S20, and Sham) × 4 (time: baseline, ascending, stabilizing, and descending) two-way ANOVAs.

As the S0- and S20-stimulation tended to show a difference in analgesic efficacy (Figures 2A,B), we further compared the analgesic efficacy of these two conditions. Pain reduction of S0- and S20-stimulation was derived relative to the Sham stimulation [e.g., (S0DESC – ShamDESC)/S0DESC × 100%]. We also compared the response rate which was determined by no less than 30% in pain reduction (based on the formula of pain reduction above) in TMS literature (Dworkin et al., 2008). A two-way repeated-measures ANOVA (condition: S0, S20, and Sham; time: stabilizing and descending) and chi-squared (χ2) statistic were performed on pain reduction and response rate, respectively. It is worth noting that the McNemar test was used for χ2 statistics which was specifically designed for binary dependent variables in χ2 statistics (Agresti, 2003). We also performed a series of correlation analyses to establish the relationship between pain reduction and motorcortical excitability changes. As the participants were from differing age groups, we initially examined the relationship between age and pain/MEP/CSP. Changes in pain ratings, MEP, and CSP at each phase were calculated relative to the Sham stimulation. Bivariate or partial (when age had a significant relationship with at least one of the variables) correlations were conducted between changes in pain ratings, MEP, and CSP. We also explored the MEP-to-CSP ratio as it has been used in previous studies (Terada et al., 2016; Latella et al., 2018).
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FIGURE 2. Pain intensity results. (A) The dynamics of pain perception. Pain ratings demonstrated a clear pattern of baseline (T0), ascending (T10–T30, all Pcorrected < 0.05 compared to the predecessor), stabilizing (T40–T60, all Pcorrected > 0.05 compared to the predecessor), and descending (T70–T90, all Pcorrected < 0.05 compared to the peak amplitude T40, and all Pcorrected < 0.05 compared to the predecessor) phases. In addition, both the S0- and S20-pcTBS decreased pain from T40 to T90 compared to the Sham stimulation. (B) The averaged pain ratings within each phase. Similarly, S0- and S20-pcTBS decreased pain in the stabilizing (all Pcorrected < 0.05) and descending (all Pcorrected < 0.05) stages compared to the Sham stimulation. (C) The analgesic efficacy of S0- and S20-pcTBS. S0-pcTBS resulted in a larger pain reduction in the descending phase compared to the S20-pcTBS and that in the stabilizing phase. (D) The results of analgesic efficacy in terms of response rate. S0-pcTBS had a higher response rate in the descending phase compared to the S20-pcTBS and that in the stabilizing phase. *, **, and *** denote P < 0.05, P < 0.01, and P < 0.001 compared to the Sham. BSL, baseline; ASCD, ascending; STAB, stabilization; DESC, descending. Please refer to the Supplementary Material for figures with all the samples and variances.





RESULTS

Our data indicated that no participants reported painful sensations by the end of each session.


Effects of Prolonged Continuous Theta-Burst Stimulation on Pain Experience

All of the participants reported no pain at baseline as the capsaicin application took minutes to induce pain. Our data on pain ratings demonstrated a similar pattern of temporal dynamics to the literature. There was a significant time effect on pain ratings (F2.83,79.19 = 63.22, Pcorrected = 0.001, [image: image] = 0.69) (Figure 2A). Pairwise comparisons of pain dynamics demonstrated statistically different stages characterized by baseline (T0), ascending (T10–T30, all Pcorrected < 0.05 compared to the predecessor), stabilizing (T40–T60, all Pcorrected > 0.05 compared to the predecessor), and descending (T70–T90, all Pcorrected < 0.05 compared to the peak amplitude T40, and all Pcorrected < 0.05 compared to the predecessor) phases. There was also a significant condition × time interaction effect on pain ratings (F5.89,164.78 = 2.38, Pcorrected = 0.032, [image: image] = 0.08) (Figure 2A). Pairwise comparisons indicated that pcTBS at S0 (all Pcorrected < 0.05) and S20 (all Pcorrected < 0.05) decreased pain perception compared to the Sham stimulation from T40 onward to T90, i.e., in the stabilizing and descending phase.

A 3 (condition) × 4 (time) repeated measures ANOVA revealed a significant condition × time interaction effect on pain (F3.89,108.78 = 5.19, Pcorrected = 0.001, [image: image] = 0.16) (Figure 2B and Table 1). Pairwise comparisons indicated that both the S0- and S20-pcTBS decreased pain in the stabilizing (S0: Pcorrected = 0.003, S20: Pcorrected = 0.001) and descending (S0: Pcorrected = 0.000, S20: Pcorrected = 0.007) phase compared to the Sham stimulation (S0: MeanSTAB = 3.63, MeanDESC = 2.15; S20: MeanSTAB = 3.67, MeanDESC = 2.44; Sham: MeanSTAB = 4.44, MeanDESC = 3.29).


TABLE 1. Summaries of ANOVA results.

[image: Table 1]
Our data on the analgesic efficacy indicated a significant condition × time interaction effect on pain (F1,28 = 4.86, Pcorrected = 0.036, [image: image] = 0.15) (Figure 2C). Pairwise comparisons indicated that S0-pcTBS (MeanDESC = −32.69%) resulted in a larger pain reduction (Pcorrected = 0.048) in the descending phase compared to the S20 (MeanDESC = −16.92%). Pain reduction in the descending phase (MeanDESC = −32.69%) was also larger (Pcorrected = 0.030) than that in the stabilization stage (MeanSTAB = −18.84%) induced by S0-pcTBS. The response rate data indicated a higher response rate (Pcorrected = 0.006) in the S0 (MeanDESC = 65.5%, 19 responders) compared to the S20 condition (MeanDESC = 31%, 9 responders) in the descending phase (Figure 2D). The response rate was also higher (Pcorrected = 0.006) in the descending phase (MeanDESC = 65.5%, 19 responders) compared to the stabilization stage (MeanDESC = 31%, 9 responders) in the S0 stimulation.



Effects of Repetitive Transcranial Magnetic Stimulation on Motorcortical Excitability

There was a condition × time interaction effect on MEP (F2.96,82.96 = 2.90, Pcorrected = 0.041, [image: image] = 0.09) (Figure 3A and Table 1). Pairwise comparisons indicated that capsaicin-induced pain significantly reduced MEP amplitude in all phases (ASCD: Pcorrected = 0.023; STAB: Pcorrected = 0.001; DESC: Pcorrected = 0.033) compared to the baseline in the Sham condition (MeanASCD = 0.84, MeanSTAB = 0.76, MeanDESC = 0.81). Meanwhile, pcTBS at S0 resulted in larger MEPs in the stabilizing (Pcorrected = 0.022) and descending stages (Pcorrected = 0.024), and a trend increase in the ASCD phase (Pcorrected = 0.06) compared to the Sham stimulation (S0: MeanASCD = 1.07, MeanSTAB = 1.10, MeanDESC = 1.13; Sham: MeanASCD = 0.84, MeanSTAB = 0.76, MeanDESC = 0.81). No significant difference was found between the S0 and S20 conditions (Pcorrected = 0.38).
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FIGURE 3. Results of motorcortical excitability and the associations with pain reduction. (A) The effects of stimulation on MEP. Pain inhibited MEP in all stages compared to the baseline (all Pcorrected < 0.05) in the Sham condition, while pcTBS at S0 reversed depressed MEP in the stabilizing (Pcorrected = 0.022) and descending stages (Pcorrected = 0.024), and a trend increase in the ascending phase (Pcorrected = 0.06). (B) The effects of pcTBS on CSP. CSP duration was increased by the S20-pcTBS in the stabilizing (Pcorrected = 0.033) and descending (all Pcorrected = 0.015) stages compared to the Sham stimulation. (C) A significant negative correlation between the early (ascending) MEP/CSP ratio and late (descending) pain reduction in S0-pcTBS. (D) The dynamic correlations between MEP and CSP changes in the S0-pcTBS. MEP changes in the early phase (ascending) was negatively associated with CSP changes in the ascending, stabilization, and descending phases. (E) A significant negative correlation between the early (stabilization) CSP changes and late (descending) pain reduction in S20-pcTBS. * represents P < 0.05 compared to Sham; # and ## represent P < 0.05 and P < 0.01 compared to the baseline. A.U. denotes arbitrary unit. The dash line denotes P < 0.05. Error bars represent mean ± SE; BSL, baseline; ASCD, ascending; STAB, stabilization; DESC, descending. All the correlations are presented with age regressed as a covariate.


In terms of CSP, there was a significant condition × time interaction effect (F3.62,101.47 = 2.52, Pcorrected = 0.050, [image: image] = 0.082) (Figure 3B and Table 1). Pairwise comparisons indicated that pcTBS at S20 resulted in a larger CSP in the stabilizing (Pcorrected = 0.022) and descending (Pcorrected = 0.015) stages compared to the Sham stimulation (S20: MeanSTAB = 94.16, MeanDESC = 96.24; Sham: MeanSTAB = 88.59, MeanDESC = 87.98). No other significant differences were found between conditions or time (all Pcorrected > 0.05).



Relationship Between Pain Reduction and Cortical Excitability Changes

There was a significant negative correlation between age and baseline CSP across three sessions (r = −0.42, p = 0.02). We therefore regressed age in the following correlation analyses. We found a significant negative correlation between the early (ascending phase) MEP/CSP ratio and late (descending phase) pain reduction in S0-pcTBS (r = −0.45, p = 0.015) (Figure 3C). Moreover, MEP changes in the early phase (ascending) was negatively associated with CSP changes in the ascending (r = −0.39, p = 0.039), stabilization (r = −0.53, p = 0.004), and descending (r = −0.39, p = 0.038) phases in the S0 stimulation (Figure 3D). In terms of S20 stimulation, there was a significant negative correlation (r = −0.40, p = 0.033) between the early (stabilization) CSP increasement and late (descending) pain reduction (Figure 3E).




DISCUSSION

Using the fast and patterned pcTBS protocol, this study was designed to investigate rTMS analgesia in the context of pain. Our data demonstrated a consistent analgesic effect of pcTBS. More importantly, pcTBS delivered at pain initialization induced a larger pain reduction and a higher response rate compared to the stimulation during pain ascending. We also provide novel findings indicating distinct mechanisms of pcTBS analgesia in the context of pain. pcTBS delivered in the phase of pain initialization was able to reverse depressed MEP, whereby pcTBS in the ascending phase of pain was associated with increased CSP.

Our data on pain dynamics demonstrated obvious phases of capsaicin-induced pain, (Farina et al., 2001; Fierro et al., 2010) which provides a unique opportunity to investigate the analgesic impact of rTMS in different phases of a pain episode among chronic pain patients. More importantly, our data demonstrated the consistency of pcTBS analgesia regardless of the time frame to deliver stimulation. Due to the capacity to increase cortical excitability in a short period of time (Klirova et al., 2020; McCalley et al., 2021), studies have begun to evaluate the effect of pcTBS in pain management (Moisset et al., 2015; De Martino et al., 2019; Klirova et al., 2020). Our findings provide direct evidence to support pcTBS analgesia, which is critical for pcTBS to be used in the optimization of rTMS analgesia.

It is important to highlight that pcTBS delivered at pain initialization induced larger analgesia compared to the stimulation during pain ascending, which was characterized by a larger pain reduction and a higher response rate in the descending phase of pain. This is important to many chronic pain conditions as it provides insights on when to deliver treatments to maximize rTMS analgesia. As discussed earlier, neuropathic pain conditions are characterized by clear pain intermissions. Our findings indicate that receiving rTMS before pain initialization or more broadly at the early phase of a pain attack may be able to achieve larger analgesia. However, one needs to be cautious on this conclusion as these two stimulation conditions were close in time and demonstrated similar patterns of analgesia. Nonetheless, we provide evidence to demonstrate dynamic cortical excitability changes associated with the superior analgesic efficacy in the pain initialization condition (see below discussions on excitability mechanisms).

Prolonged continuous theta-burst stimulation (pcTBS) given at different phases of a pain episode may be associated with distinct cortical excitability changes. Our data indicated that pain induction resulted in a significant decrease in MEP amplitude in the absence of pcTBS intervention. This finding is consistent with previous studies in which MEP amplitude was reduced by chronic pain (Lefaucheur et al., 2006; Cosentino et al., 2014; Rittig-Rasmussen et al., 2014; Parker et al., 2016). Reduced motor cortical output is associated with the imbalance of neurotransmission in the central nervous system evoked by the ascending transmission of nociception. Meanwhile, pcTBS delivered during pain initialization increased MEP amplitude from the ascending to the stabilizing and descending stages. Moreover, this pattern of MEP changes aligns nicely with the dynamics of analgesia. In addition, increased “excitation-to-inhibition” ratio (i.e., MEP/CSP) in the early phase of pain was associated with a larger analgesic effect in the late stage of pain induction (Figure 3C), providing further evidence to support a mechanism of motorcortical excitability associated with pcTBS analgesia. However, pcTBS delivered in the ascending phase of pain had no impact on MEP amplitude, which indicates the involvement of other mechanisms than motorcortical excitation.

Indeed, pcTBS delivered in the ascending phase of pain enhanced CSP especially in pain stabilizing and descending phases (Figure 3B). The cortical silent period is thought to reflect the activity of GABAB-mediated inhibitory circuits acting upon the corticospinal pathway (Siebner et al., 1998; Werhahn et al., 1999). These changes in CSP are in line with significant pain reduction during these two phases which took place from 20 min poststimulation onward. It is worth noting that MEP amplitude was significantly reduced by capsaicin application by this time (see Sham condition). pcTBS may therefore act on GABAB-mediated intracortical inhibition to reduce pain. Indeed, the balance between cortical excitation and inhibition tends to be disrupted by chronic pain conditions (Barr et al., 2013), and chronic pain is associated with reduced intracortical inhibition (Parker et al., 2016). More importantly, two studies have demonstrated the capacity of rTMS to reverse defective intracortical inhibition in chronic pain patients (Lefaucheur et al., 2006; Mhalla et al., 2011). Our results also indicated that early (i.e., stabilization) CSP increment was associated with a larger pain reduction in the late phase (i.e., descending) (Figure 3E). We, therefore, provide the first line of evidence that a single session of pcTBS is sufficient to increase GABAB-mediated intracortical inhibition which is associated with decreased pain.

There were no significant changes in CSP when pcTBS was delivered during the initialization of pain (Figure 3C). It is possible that increased motorcortical excitability as indexed by MEP is sufficient to produce pain analgesia. MEP changes in the ascending phase of pain were negatively associated with CSP changes in the ascending, stabilization, and descending phases of pain when pcTBS was delivered during pain initialization. These findings are also consistent with the balance of cortical excitation and inhibition whereby pcTBS during pain initialization may drive early cortical excitation to reduce pain. Overall, we provide interesting findings to indicate superior analgesia when pcTBS is delivered before pain initialization or at the early phase of a pain attack in a broader way. Moreover, this effect is associated with early motorcortical excitability changes which may work against depressed MEP caused by nociceptive transmission. Otherwise, pcTBS may act on the alternative GABAB-mediated intracortical inhibition to modulate the corticospinal pathway when pain stabilized.

There were some limitations in the study. We delivered pcTBS in the initialization and ascending phases of a pain episode without modeling the pain stabilization phase. This was designed as rTMS tends to take time to act, as demonstrated by changes in cortical excitability and pain perception in our data. We averaged data in each phase of pain, especially for the ascending phase whereby pcTBS was delivered right in between, to simplify the profiles of pain dynamic and to highlight the stage effect. Although our data demonstrated the same analgesia between these two methodologies, data presentation of each time point would also be appreciated. The M1 was located using the hotspot methodology. Although the hotspot approach was considered as an effective and efficient method to locate the M1 (Lefaucheur and Nguyen, 2019), a neuronavigation system is able to assist localization and the identification of disease-relevant brain connections and networks mediating positive treatment outcomes (Cash et al., 2020).

Our findings may bear significance for the clinical application of rTMS in pain management. Our data demonstrate a consistent analgesic effect of pcTBS regardless of the context of pain. pcTBS, therefore, represents a potential protocol for pain management that has not been evaluated in chronic pain populations. Moreover, our data demonstrated superior analgesia when pcTBS is delivered at the early compared to the ascending phase of a pain attack. This finding provides direct evidence to optimize rTMS analgesia in terms of when to deliver rTMS treatments. Besides, multiple sessions of pcTBS could be delivered within a single day due to its efficiency and efficacy, with the purpose to accelerate standard rTMS treatment protocols (Blumberger et al., 2018). In addition, our findings indicate distinct mechanisms of pcTBS analgesia when it is delivered at different phases of a pain episode. These findings provide insight for optimizing pcTBS analgesia in which pcTBS protocols can be designed to improve motorcortical excitability or intracortical inhibition dependent on the phases of a pain episode in a treatment session. Findings from this study provide insights on healthy aging and on the management of age-related neurodegenerative conditions. In one way, we demonstrated pcTBS to be able to reduce pain. This is important to healthy aging as a significant portion of old adults suffer from pain conditions (Jones et al., 2016; Sherman et al., 2020) and a range of neuropathic pain conditions (e.g., postherpetic neuralgia and diabetic neuropathy) have a prevalence in older adults (Cunningham et al., 2016; John and Canaday, 2017; Ponirakis et al., 2019). In another way, we provided neuroplastic changes underlying the analgesic effect of pcTBS. These findings add to our understanding of how rTMS can be used to manage age-related neurodegenerative conditions through neuroplastic mechanisms. In addition, our findings on pcTBS analgesia represent an optimizing effort of rTMS efficacy which has clear implications for age-related neurodegenerative conditions such as Alzheimer’s disease whereby rTMS has a limited effect (Lefaucheur et al., 2014).

To conclude, this study demonstrated a consistent analgesic effect of pcTBS, which could be delivered before the initialization of a pain episode to improve rTMS analgesia. Moreover, this effect is associated with early motorcortical excitability changes which may work against depressed MEP caused by nociceptive transmission.
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Background: Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation to modulate cortical activity for improving motor function. However, the information of tDCS stimulation on different brain regions for dual-task walking and cortical modulation in Parkinson’s disease (PD) has not yet been compared.

Objective: The objective of this study was to investigate the effects of different tDCS targets on dual-task gait performance and cortical activity in patients with PD.

Methods: A total of 36 participants were randomly assigned to primary motor cortex (M1) tDCS, dorsal lateral prefrontal cortex (DLPFC) tDCS, cerebellum tDCS, or Sham tDCS group. Each group received 20 min of tDCS stimulation, except for the Sham group. Gait performance was measured by the GAITRite system during dual-task walking and single walking. Corticomotor activity of the tibialis anterior (TA) was measured using transcranial magnetic stimulation (TMS). The functional mobility was assessed using the timed up and go (TUG) test.

Results: All participants showed no significant differences in baseline data. Following the one session of tDCS intervention, M1 (p = 0.048), DLPFC (p < 0.001), and cerebellum (p = 0.001) tDCS groups demonstrated significant improvements in dual-task gait speed compared with a pretest. The time × group interaction [F(3, 32) = 5.125, p = 0.005] was detected in dual-task walking speed. The post hoc Tukey’s test showed that the differences in gait speed were between the Sham tDCS group and the DLPFC tDCS group (p = 0.03). Moreover, DLPFC tDCS also increased the silent period (SP) more than M1 tDCS (p = 0.006) and Sham tDCS (p = 0.002).

Conclusion: The results indicate that DLPFC tDCS exerted the most beneficial effects on dual-task walking and cortical modulation in participants with PD.

Clinical trial registration: [http://www.thaiclinicaltrials.org/show/TCTR20200909005], Thai Clinical Trials Registry [TCTR20200909005].

Keywords: tDCS, different targets, single-session effects, dual-task gait, cortical activity, Parkinson’s disease


INTRODUCTION

Parkinson’s disease (PD) is a degenerative neurological disease due to the loss of dopaminergic neurons in the substantia nigra pars compacta in basal ganglia (BG) (Lees et al., 2009). With impaired interactions among cortico-BG-cerebellar circuits, the deficits in gait performance are frequently seen in individuals with PD (Hausdorff et al., 1998). In addition to classical motor symptoms, cognitive symptoms are widely accepted as part of the clinical feature in individuals with PD. These motor and cognitive impairments increased their difficulties to perform complex daily activities, such as dual-task walking (i.e., responding to a cognitive demanding task while walking) (Benecke et al., 1986; Raffegeau et al., 2019). According to a meta-analysis, the gait speed and stride length decreased under the condition of dual-task walking as compared with single walking in people with PD (Raffegeau et al., 2019). These significant difficulties in dual-task walking may lead to increased disability, fall risks, and decreased quality of life in people with PD (Kelly et al., 2012). Therefore, how to improve the dual-task walking performance is crucial for people with PD.

In addition to deficits in cortico-BG-cerebellar circuits, 33 studies demonstrated abnormal activity in primary motor cortex (M1), dorsal lateral prefrontal cortex (DLPFC), and cerebellum during dual-task performance in patients with PD (Wu and Hallett, 2005; Nieuwhof et al., 2016; Al-Yahya et al., 2019). It has been suggested that abnormal plasticity within M1 reflects a loss of coordination among the BG, cerebellar, and cortical inputs and eventually causes motor impairments in PD (Gaspar et al., 1991; Kishore et al., 2014). The decreased M1 inhibition during resting was reported in people with PD by transcranial magnetic stimulation (TMS) (Rossini et al., 2015), which may be one of the compensations for the cortico-BG-cerebellar deficit. Furthermore, the pattern of hypo-activation between the cortical area and striatum was associated with gait impairment in PD (Shine et al., 2013). Therefore, modulating brain activities might be a strategy for motor improvement, especially the complex movement, such as dual-task walking in individuals with PD.

The transcranial direct current stimulation (tDCS) is a non-invasive technique to modulate cortical excitability (Sánchez-Kuhn et al., 2017). Anodal tDCS has been considered not only to alter cortical excitability but also to exert subcortical effects (Polanía et al., 2012). Fregni et al. (2006) indicated that a single session of M1 tDCS improved upper extremity performance. Moreover, Ferrucci et al. (2016) demonstrated that 5 sessions of cerebellum tDCS decreased the disease severity as indicated by the Unified Parkinson’s Disease Rating Scale (UPDRS). The previous study suggested that the lateral cerebellar region plays an important role in the complex motor task, such as dual-task walking (Ilg and Timmann, 2013). Furthermore, a recent review suggested that cerebellum may be the potential tDCS target area to improve the gait performance in people with PD (Potvin-Desrochers and Paquette, 2021). In contrast, as mentioned earlier, walking in daily activities demands interactions between motor and cognitive control, particularly, executive function (Yuan and Raz, 2014). The DLPFC has been recognized as the key area for executive function, and the relative DLPFC activations during gait can be demonstrated via dual-task walking (Collette et al., 2005; Beurskens et al., 2014). Evidence also showed that a single session of DLPFC tDCS improved balance and mobility (Manenti et al., 2014; Lattari et al., 2017). Taking together, the potential use of tDCS has been demonstrated for people with PD in neurorehabilitation. However, it is not known whether different tDCS targets would modulate the brain differently to result in different effects on motor performance. Therefore, this study aimed to compare the different tDCS targets in brain modulation and dual-task walking performance in individuals with PD.



MATERIALS AND METHODS


Subjects

This study protocol was approved by the Institutional Review Board of Taipei Veterans General Hospital and Ministry of Health and Welfare. This trial was registered at https://www.clinicaltrials.in.th/(TCTR20200909005) and conformed to the CONSORT checklist. Participants who were diagnosed with idiopathic PD by neurologists (J-LF and H-LC) were recruited from Taipei Veterans General Hospital. The age, gender, duration since the diagnosis of PD, and medications were obtained from the detailed clinical interviews and medical charts. Inclusion criteria were as follows: (1) stages 1–3 on the Hoehn and Yahr scale, (2) ability to walk independently for at least 10 m without the use of walking aids, (3) stable medical condition, and (4) a score of ≥ 24 on the Mini-Mental State Examination (MMSE). Exclusion criteria were as follows: (1) history of diseases or conditions known to interfere with participating in this study (e.g., epilepsy or metal implants in the brain) and (2) history of using central nervous system medications other than for PD, e.g., antiepileptic or antidepressant drugs in recent months. In total, 51 individuals were identified as potential subjects. Of these, 36 participants provided informed consent for participation in this study (Figure 1).
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FIGURE 1. Flowchart of the patient inclusion and study procedures.




Experimental Design

This study was a double-blinded, randomized, controlled trial with pre- and post-measurements. An individual who was not involved in this study selected the sealed envelopes to assign participants to one of the four groups (i.e., M1 tDCS group, DLPFC tDCS group, cerebellum tDCS group, and Sham tDCS group) by the block of 2 randomizations. The cortical activities followed by gait performance were measured before (pretest) the real (or Sham) tDCS by the assessor who was blinded to the group assignment (assessor blinded) (Figure 1). Participants were blinded to their group assignment (participants blinded) and received one session of real or Sham tDCS for 20 min according to the group assignment. After 20 min of tDCS, all participants were measured the cortical activities immediately after tDCS and gait performance for 30 min after tDCS. All interventions and assessments were carried out with patients in the “on” status.



Intervention

The stimulation was delivered by a current stimulator (Eldith DC Stimulator, NeuroConn, Germany) through a pair of 35 cm2 electrodes with a maximal output of 2 mA. The stimulation intensity was set to 2 mA for 20 min.


a.M1 tDCS group: The anode was placed over the M1 of the dominant hemisphere (C3 according to EEG 10/20 system), and the cathode was placed over the contralateral supraorbital ridge (Fregni et al., 2006).

b.DLPFC tDCS group: The anode was placed over the DLPFC of the dominant hemisphere (F3 according to EEG 10/20 system), and the cathode was placed over the contralateral supraorbital ridge (Fregni et al., 2006; Lattari et al., 2017).

c.Cerebellum tDCS group: The anode was placed 1 cm below and 2 cm lateral to the inion over the dominant hemisphere, and the cathode was placed over the contralateral supraorbital ridge (Ferrucci et al., 2015).

d.Sham tDCS group: The electrodes were positioned as described in the M1 tDCS group. However, the current was delivered only for the first 60 s, with a ramp up and ramp down for 30 s.





Outcome Measures


Primary Outcome Measures

The primary outcome of this study was dual-task walking performance measured by a GAITRite system (CIR system, Inc., Havertown, PA, United States) (Yang et al., 2019). The GAITRite system is 4.75 m long and 0.9 m wide, and the pressure-sensitive area of the walkway is 4.30 m long and 0.61 m wide. The dual-task walking was walking while performing serial subtracting by three, starting from a randomized 3-digit number at a comfortable speed. The walking trial was repeated three times with 60 s rest in between. The average of the three trials of each walking condition was used for data analysis. Gait parameters of interest were speed, cadence, stride time, stride length, and coefficients of variation (CV) of stride time and stride length. The formula of CV is standard deviation/mean × 100%. A lower CV value means a more consistent gait pattern (Yang et al., 2013). In addition, the dual-task cost (DTC) was calculated to indicate the dual-task interference. The formula of DTC was DTC = (dual-task walking speed – single-task walking speed)/single-task walking speed × 100% (Yang et al., 2019).



Secondary Outcome Measures

The secondary outcomes included corticomotor activity, single walking performance, and functional mobility.


Corticomotor Activity

The resting motor threshold (RMT), motor evoked potentials (MEPs), and silent period (SP) duration of the tibialis anterior (TA) elicited by TMS (Magstim 200 magnetic stimulator; Magstim Company, Whiteland, Dyfed, United Kingdom) were used to indicate the corticomotor activity. The MEPs of TA were recorded by an electromyographic (EMG) machine in response to TMS delivered through a double-cone coil placed on the M1 with participants lying supine wearing a fitted cap marked with a coordinate system (distance, 1 cm). The optimal scalp location (hot spot) was determined by moving the TMS stimulator over the scalp in 1-cm steps. Once the hot spot was identified, a single-pulse TMS was delivered to the location to determine the RMT, as the lowest stimulus intensity necessary to elicit MEPs greater than 0.05-mV peak-to-peak amplitude in at least 5 of 10 consecutive stimuli (Yang et al., 2013). The RMT was expressed as a percentage of maximum stimulator output, which reflects the excitability of motor cortex (Groppa et al., 2012). The MEPs were measured at an intensity of 120% RMT, and the peak-to-peak amplitudes of the MEPs of 10 trials were collected and averaged. The amplitude of MEPs is thought to represent the corticospinal excitability of the M1 (Groppa et al., 2012). Both RMT and MEP were considered to be mediated by the glutamatergic system indicated by the TMS-pharmacological study (Kapogiannis and Wassermann, 2008; Paulus et al., 2008). The SP duration was determined during isometric voluntary contraction of TA. Ten magnetic stimuli were applied at an intensity of 120% RMT, while the participant performed maximum of 20% voluntary contraction. The intensity used in the post-assessment was the same as that used in the pre-assessment. The SP duration was determined from the MEP onset to the recurrence of at least 50% of EMG background activity (Yang et al., 2013). The neurophysiological phenomenon of SP is thought to be due to inhibition mechanisms of the motor cortex mediated through the GABAergic system (Werhahn et al., 1999).



Single Walking Performance

The single walking performance was also measured using the GAITRite system. For a single walking performance, the participants walked at their comfortable speed without additional tasking. The average of the three trials was used for data analysis.



Timed Up and Go Test

The timed up and go (TUG) was used to evaluate the functional mobility. The participants were seated in a chair and were instructed to stand up, walk 3 m, turn around, walk back to the chair, and then sit down. We recorded the time needed to complete this task. A high reliability of this test has been documented in individuals with PD (Morris et al., 2001).





Statistical Analysis

All analyses were performed using the SPSS version 24.0. Descriptive statistics [mean ± standard deviation, frequency, or median (interquartile range)] were generated for all variables. The Shapiro–Wilk test was used to assess the normal distributions. The intergroup difference of baseline (pretest) data was analyzed by using the Kruskal–Wallis test and one-way ANOVA for continuous variables or χ2 test for nominal scales. Accordingly, the two-way repeated measures ANOVA (group × time) was used for intergroup comparisons of dual-task walking, single walking, and TUG performance, followed by the post hoc Tukey’s test with the Bonferroni correction, which multiplied the uncorrected p-values by 6 for multiple comparisons between four groups, if there was group × time effect. The post hoc paired t-test was used to examine significance between pre- and post-data if there was a significant time effect. The Kruskal–Wallis one-way ANOVA was used for intergroup comparisons of change values in corticomotor activity due to not being normally distributed, followed by the post hoc Mann–Whitney U tests with the Bonferroni correction. The intragroup difference was thus analyzed by the Wilcoxon signed-rank test. The change values of corticomotor activity were calculated by subtracting the baseline data from the post-intervention data. Statistical significance was set at p < 0.05. The sample size was calculated using the G-Power version 3.1.9.7. Although the effect size was 0.85 for tDCS in improving dual-task gait performance in patients with PD (Mishra and Thrasher, 2021), in this study, we chose a relatively smaller effect size of 0.518 according to the study by Kaski et al. (2014). The total sample size was required to be 36 (9 per group) with a power of 0.80 and a two-tailed alpha level of 0.05 to detect a difference in gait performance.




RESULTS

A total of 51 patients were screened for the eligibility of participating in this study. As a result, 36 patients were included in this study and were randomly assigned to the M1 tDCS group (n = 9), DLPFC tDCS group (n = 9), cerebellum tDCS group (n = 9), or Sham tDCS group (n = 9). Participants received 20 min of tDCS according to their group assignment. None of them reported any adverse events or withdrew from this study (Figure 1). No significant differences between groups were found in baseline demographic characteristics (Table 1) and all outcome measures at the pre-intervention assessment.


TABLE 1. Demographic characteristics of included participants with Parkinson’s disease.
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Dual-Task Walking Performance

Table 2 shows the dual-task walking performance at pre- and post-intervention for 4 study groups. Regarding the dual-task gait parameters, there was no group effect [F(3, 32) = 2.237, p = 0.103] but a significant effect of time [F(3, 32) = 56.616, p < 0.001] and time × group interaction [F(3, 32) = 5.125, p = 0.005]. The post hoc Tukey’s test with the Bonferroni correction showed that the differences in gait speed were between the Sham tDCS group and the DLPFC tDCS group (p = 0.03) (Figure 2). The cadence showed no group effect [F(3, 32) = 1.723, p = 0.182) but a significant effect of time [F(3, 32) = 41.497, p < 0.001] and time × group interaction [F(3, 32) = 5.180, p = 0.005]. However, the post hoc Tukey’s test with the Bonferroni correction did not show any group difference in cadence. The stride time showed no group effect [F(3, 32) = 1.487, p = 0.237] but a significant effect of time [F(3, 32) = 9.628, p = 0.004) and time × group interaction [F(3, 32) = 3.649, p = 0.023]. However, the post hoc Tukey’s test with the Bonferroni correction did not show any group difference in stride time. The stride length showed no group effect [F(3, 32) = 2.267, p = 0.100] but a significant effect of time [F(3, 32) = 22.069, p < 0.001] and time × group interaction [F(3, 32) = 3.340, p = 0.031]. However, the post hoc Tukey’s test with the Bonferroni correction did not show any group difference in stride length.


TABLE 2. Dual task walking performance after different tDCS interventions.
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FIGURE 2. Results of gait speed during dual-task walking performance after different transcranial direct current stimulation (tDCS) stimulations. Data are presented as the mean ± SD. #P < 0.05: intragroup comparison. *P < 0.05: intergroup comparison.


Furthermore, two-way repeated ANOVA indicated several significant time effects. The post hoc paired t-test showed a significant increase in gait speed [t(8) = −6.963, p < 0.001], cadence [t(8) = −6.659, p < 0.001], and stride length [t(8) = −3.761, p = 0.006] and a decrease in stride time [t(8) = 4.600, p = 0.002] after DLPFC tDCS intervention. In addition, the post hoc paired t-tests indicated that patients in cerebellum tDCS group significantly increased in gait speed [t(8) = −5.231, p = 0.001], cadence [t(8) = −3.499, p = 0.008], and stride length [t(8) = −2.610, p = 0.031] and patients in M1 tDCS group significantly increased in gait speed [t(8) = −2.338, p = 0.048] and stride length [t(8) = −2.492, p = 0.037] after tDCS intervention.



Corticomotor Activity

Table 3 shows the cortical activity of M1 measured by the TMS before and after tDCS interventions. After the DLPFC tDCS stimulation, the SP of stimulating hemisphere increased significantly more than M1 tDCS (p = 0.038) and Sham tDCS (p = 0.001) (Figure 3). However, there was no significant difference in other groups. In contrast, the corticomotor activity of non-stimulating hemisphere did not change in this study.


TABLE 3. Corticospinal activity after different tDCS interventions.
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FIGURE 3. Changes in silent period of ipsilateral hemisphere relatively to the stimulating side after different tDCS stimulations. Data are presented as the median (interquartile range). #P < 0.05: intragroup comparison. *P < 0.05: intergroup comparison.




Single Walking Performance

Table 4 shows the single walking performance after different tDCS interventions. We found no significant time and group interaction for all gait parameters of single walking but a significant time effect. The post hoc paired t-test showed that a significant increase in gait speed [t(8) = −2.528, p = 0.035] and cadence [t(8) = −3.291, p = 0.011] after DLPFC tDCS intervention. In M1 tDCS group, the post hoc paired t-test showed a significant increase in stride length [t(8) = −3.315, p = 0.011] after tDCS intervention.


TABLE 4. Single walking and timed up and go performance after different tDCS interventions.
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Timed Up and Go Performance

The results of TUG after different tDCS are shown in Table 4. We found no significant group effect [F(3, 32) = 0.289, p = 0.832], time effect [F(3, 32) = 0.006, p = 0.939], and group × time interactions [F(3, 32) = 1.174, p = 0.335]. In addition, there was no significant difference in intragroup comparisons.




DISCUSSION

This randomized, double-blinded, controlled trial was the first study to compare the immediate neuromodulation effects of different tDCS targets on dual-task walking performance in individuals with PD. In this study, we found that only the tDCS on DLPFC increased cortical inhibition and exerted the most beneficial effects to improve dual-task walking in people with PD as compared with tDCS on M1 or Sham tDCS.

In this study, the improvements in dual-task walking coupled with increased SP duration were demonstrated after DLPFC tDCS. The change in dual-task gait speed was highly correlated with change in SP (Spearman’s correlation ρ = 0.733, p = 0.025). Wu et al. (2007) noted that shorter SP duration was associated with worse PD symptoms. We previously found the lengthening in SP duration and improvement of single walking performance after the combination of high-frequency repetitive transcranial magnetic stimulation (rTMS) and treadmill training in patients with PD (Yang et al., 2013). Fisher et al. (2008) demonstrated the SP lengthening associated with walking improvements after treadmill training and thus speculated SP lengthening could restore the normal motor processing in people with PD. Recent studies have provided the evidence for the potential of one session of DLPFC tDCS to enhance dopamine release in the striatum (Fonteneau et al., 2018; Fukai et al., 2019). A previous study also reported that dopaminergic treatment could prolong SP duration in patients with PD and suggested that SP may be modulated by the dopamine system (Nakashima et al., 1995). Furthermore, the recent study showed tDCS-induced dopamine release and GABA changes, which contributes to the phenomenon of SP (Bunai et al., 2021). Taking together, the beneficial motor effects of DLPFC tDCS may be related to dopamine release, therefore modulating the cortical inhibition in individuals with PD.

In contrast, dual tasking exacerbates the gait impairments in people with PD, suggesting the overloaded recruitment of prefrontal cortex (cognitive overloaded) under dual-task walking (Strouwen et al., 2015). DLPFC has been recognized as the key area for executive function which involves in many daily activities, especially dual-task walking (Lu et al., 2015). Therefore, we speculated that the improvements in dual-task walking after DLPFC tDCS may also be resulted from direct modulation of DLPFC. In this study, the participants walked faster by 24% under cognitive dual tasking after one session of DLPFC tDCS intervention. Mishra and Thrasher (2021) also reported that the increase of dual-task gait speed after a single session of DLPFC tDCS was more than Sham tDCS in patients with PD. Similarly, tDCS targeting the DLPFC has been reported to improve dual-task gait performance in older adults and people with stroke (Zhou et al., 2021). In contrast, we previously noted that the dual-task gait training for 12 sessions resulted in a 20% improvement of cognitive dual-task walking speed in people with PD (Yang et al., 2019). Therefore, DLPFC tDCS is an effective intervention to immediately improve dual-task walking ability for individuals with PD.

However, it should be mentioned that the DLPFC tDCS group did not improve significantly more in single walking and TUG performance as compared with other groups, although the DLPFC tDCS group showed a pre-post significant improvement in single walking. This may indicate that the dual-task walking performance is more sensitive to reflect the response to intervention, and single walking and TUG performance may need cumulative tDCS interventions for a significant improvement. In addition, it is interesting to note that the RMT and MEP did not change significantly after DLPFC tDCS. Studies have reported that RMT is normal and MEP is variable in people with PD (Lefaucheur, 2005; Rossini et al., 2015). However, decreased SP has been reported consistently in patients with PD (Wu et al., 2007). Therefore, measurement of SP may be a better indicator to reflect cortical activity changes during disease progression and in response to treatment than RMT and MEP in individuals with PD.

Regarding the cerebellum tDCS, Workman et al. (2020) did not observe a significant single-session effect in single walking performance in people with PD. However, Jayaram et al. (2012) found that one session of anodal cerebellum tDCS resulted in better adaptation on a split-belt treadmill than Sham tDCS in healthy subjects. This study noted that the cerebellum tDCS exerted a significant within-group improvement in dual-task walking but not in single walking and TUG performance. However, such within-group improvement did not couple with significant changes in SP duration. This result lent us to speculate the vestibulocerebellum pathways, which are majorly involved in posture and balance control (Purves et al., 2001), may be modulated by cerebellum tDCS, but this warrants further exploration.

It also drew our attention that one session of anodal tDCS over M1 did not improve the walking performance, and such results were consistent with the results reported by Verheyden et al. (2013). Although Fregni et al. (2006) demonstrated that M1 tDCS improves UPDRS motor scores, limited improvement in the UPDRS gait-related items was noted. Moreover, Schabrun et al. (2016) demonstrated that M1 tDCS did not enhance the effect of dual-task gait training and suggested that M1 tDCS may not be an effective application to improve dual-task walking in individuals with PD. Considering the results of previous studies and this study, it still needs more investigations to establish the beneficial effects of tDCS over M1 on walking performance in people with PD.

Some limitations should be mentioned regarding this study. First, the relatively small number of participants in each group may lead to type II error. The limited sample size and heterogeneity of patients with PD must be considered when generalizing the study results. Second, the included participants were with mild to moderate disease severity (Hoehn and Yahr stages I–III), and the outcomes were measured only at “on” status. Therefore, our findings may only be applicable to individuals with mild to moderate PD at “on” status. Third, we only investigated the post-intervention effects of single-session tDCS, but the maintenance effects or accumulative effects of tDCS are not known. Fourth, we applied 2 mA for all targets because the current with 2 mA was most commonly used in the previous studies, especially in the studies focusing on walking ability (Ferrucci et al., 2015; Liu et al., 2021). However, the best parameter for tDCS in different targets may be different. Therefore, the results may not represent the best effect of tDCS in these targets. Further studies may need to establish the best stimulating intensity of tDCS in various targets. Finally, it has been noted that a single session of DLPFC tDCS could improve cognitive function according to the results of a meta-analysis (Dedoncker et al., 2016). However, we did not measure cognitive performances in this study. Therefore, the cognitive improvement cannot be excluded from the beneficial effects of DLPFC tDCS.



CONCLUSION

The results suggest that one session of DLPFC tDCS can be recommended to improve dual-task walking. Further research is needed to explore the effects of multisessions of DLPFC tDCS.
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Intermittent Theta Burst Stimulation Increases Natural Oscillatory Frequency in Ipsilesional Motor Cortex Post-Stroke: A Transcranial Magnetic Stimulation and Electroencephalography Study
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Objective: Intermittent theta burst stimulation (iTBS) has been widely used as a neural modulation approach in stroke rehabilitation. Concurrent use of transcranial magnetic stimulation and electroencephalography (TMS-EEG) offers a chance to directly measure cortical reactivity and oscillatory dynamics and allows for investigating neural effects induced by iTBS in all stroke survivors including individuals without recordable MEPs. Here, we used TMS-EEG to investigate aftereffects of iTBS following stroke.

Methods: We studied 22 stroke survivors (age: 65.2 ± 11.4 years; chronicity: 4.1 ± 3.5 months) with upper limb motor deficits. Upper-extremity component of Fugl-Meyer motor function assessment and action research arm test were used to measure motor function of stroke survivors. Stroke survivors were randomly divided into two groups receiving either Active or Sham iTBS applied over the ipsilesional primary motor cortex. TMS-EEG recordings were performed at baseline and immediately after Active or Sham iTBS. Time and time-frequency domain analyses were performed for quantifying TMS-evoked EEG responses.

Results: At baseline, natural frequency was slower in the ipsilesional compared with the contralesional hemisphere (P = 0.006). Baseline natural frequency in the ipsilesional hemisphere was positively correlated with upper limb motor function following stroke (P = 0.007). After iTBS, natural frequency in the ipsilesional hemisphere was significantly increased (P < 0.001).

Conclusions: This is the first study to investigate the acute neural adaptations after iTBS in stroke survivors using TMS-EEG. Our results revealed that natural frequency is altered following stroke which is related to motor impairments. iTBS increases natural frequency in the ipsilesional motor cortex in stroke survivors. Our findings implicate that iTBS holds the potential to normalize natural frequency in stroke survivors, which can be utilized in stroke rehabilitation.

Keywords: intermittent theta burst stimulation, TMS-EEG, natural frequency, stroke rehabilitation, evoked oscillatory response


INTRODUCTION

Stroke is a debilitating acquired neurological injury and the leading cause of adult disability over the world (Lloyd-Jones et al., 2010). Upper limb motor deficits frequently occur following stroke, which negatively impact quality of life in stroke survivors (Tedesco Triccas et al., 2019). Motor impairment following stroke has been suggested to arise from disruptions of structural and functional integrity at both local and global scales (Bonkhoff et al., 2020). Intermittent theta burst stimulation (iTBS) is a specific form of repetitive transcranial magnetic stimulation (rTMS) that can effectively enhance cortical excitability and modulate oscillatory dynamics in both stimulated area and remote brain regions (Suppa et al., 2016; Ding et al., 2021c). iTBS has been considered as a promising approach for stroke rehabilitation (Corti et al., 2012; Suppa et al., 2016).

Neural effects of iTBS are typically investigated by motor evoked potentials (MEP), which are muscular responses elicited by single-pulse TMS (Talelli et al., 2007; Di Lazzaro et al., 2008; Ding et al., 2021b). However, this approach is not applicable to stroke survivors in whom MEPs are not elicitable. Furthermore, MEPs reflect cortical excitability in only motor cortex but not non-motor brain regions. Concurrent use of TMS and electroencephalography (EEG) (i.e., TMS-EEG) would overcome the drawbacks of MEP measurements, which offers a chance to simultaneously monitor cortical activity in both stimulated area and the interconnected cortical networks (Casula et al., 2021). Importantly, as TMS-EEG can directly measure cortical reactivity and oscillatory dynamics regardless of the integrity of corticospinal tracts (Borich et al., 2016), it allows for investigating neural effects induced by iTBS in stroke survivors without recordable MEPs (Pellicciari et al., 2018).

TMS-EEG signals can be analyzed in both time and time-frequency domains. TMS-evoked potential (TEP) is a complex waveform time-locked to the TMS pulse. TEPs reflect the direct activation of the cortical neurons at the stimulated brain regions (Pellicciari et al., 2018; Tremblay et al., 2019). In the time domain, TEPs can be quantified either by the amplitude and latency of peaks, or by the area under the curve of the rectified signals over the electrodes of interest [i.e., local mean field power (LMFP)] or over the entire surface of the head [i.e., global mean field power (GMFP)] (Tremblay et al., 2019). It has been suggested that LMFP and GMFP take both the width and the amplitude of TEPs into account and do not require an obvious main peak to present (Tremblay et al., 2019). As TEP main peaks are not always present in stroke survivors, LMFP and GMFP have the advantage of quantifying TEPs in stroke studies (Tscherpel et al., 2020). The acute adaptations in LMFP and GMFP after iTBS have been investigated in healthy adults, but results remain inconsistent in current literature (Gedankien et al., 2017; Bai et al., 2021; Ozdemir et al., 2021). Some studies reported no change in LMFP or GMFP after iTBS (Gedankien et al., 2017; Ozdemir et al., 2021), while one study reported reduced GMFP after iTBS (Bai et al., 2021). The adaptations in LMFP and GMFP after iTBS have not been investigated in stroke survivors.

Time-frequency domain analysis offers possibility to study the functional specificity of cortical oscillations in each frequency band [i.e., evoked oscillatory response (EOR)] (Thut and Miniussi, 2009). The adaptations in EOR after iTBS have been investigated in healthy adults, but results were inconsistent (Casula et al., 2016; Chung et al., 2017; Bai et al., 2021). One study reported a reduction in alpha band EOR after iTBS (Bai et al., 2021), while some studies reported an increase in theta (Chung et al., 2017) or beta (Casula et al., 2016) band EOR after iTBS. Besides EOR, time-frequency domain analysis also allows for the study of natural frequency (i.e., the frequency with the maximal power in a specific brain region) (Tremblay et al., 2019). Each brain area preserves its natural frequency of oscillations when stimulated with TMS (Casula et al., 2016). Natural frequency reflects the intrinsic dynamics of the corresponding thalamocortical circuits as well as the intrinsic GABA transmissions and provides important insights in the aftereffects of plasticity-inducing protocols on cortical activities (Rosanova et al., 2009; Tremblay et al., 2019; Ferrarelli and Phillips, 2021). It has been suggested that iTBS elevates the amount of ongoing activity in the connections between the stimulation site and its interconnected brain regions, including the thalamocortical pathway (Bestmann et al., 2004; Suppa et al., 2008). As thalamus is the structure that generates high-frequency oscillations, strengthened thalamocortical connections after iTBS could increase natural frequency in the stimulated brain region (Ferrarelli et al., 2012; Casula et al., 2016). To our knowledge, no study has investigated the adaptations of natural frequency after iTBS in either healthy adults or stroke survivors.

Following stroke, disruption of the intra- and inter- hemispheric network architecture may result in cortical deafferentation from subcortical structures, especially thalamus (Tscherpel et al., 2020). As thalamocortical neurons have been implicated in generating fast oscillations (Ferrarelli et al., 2012), impaired thalamocortical connections following stroke may contribute to a slowing of natural frequency in the ipsilesional hemisphere (IH) (Tscherpel et al., 2020). The alterations of natural frequency following stroke has been reported in a recent study (Tscherpel et al., 2020). Tscherpel et al. (2020) observed slowing of IH natural frequency following stroke as well as a positive correlation between natural frequency and motor function in stroke survivors. Based on limited number of studies, it remains unclear whether natural frequency could be used as a biomarker indicating stroke recovery.

In present study, we used concurrent TMS and EEG to investigate the aftereffects of iTBS in stroke survivors. We hypothesized that (1) natural frequency is slower in the ipsilesional compared with the contralesional hemisphere (CH); (2) there is a positive correlation between IH natural frequency and motor function; (3) IH natural frequency is increased after the application of iTBS. These results would have potential implications for understanding the influences of iTBS on cortical oscillatory dynamics in stroke survivors.



MATERIALS AND METHODS


Subjects

Twenty-two stroke survivors were recruited into this study. Each subject provided written, informed consent prior to enrollment and participation. Approval for the experimental procedures was attained from Guangzhou First People’s Hospital Human Research Ethics Committee (reference number: K-2021-130-01). The study was carried out in conformity with standards set by the Declaration of Helsinki. Stroke survivors were included if they had a single stroke less than 18 months prior to enrollment. All participants were screened for eligibility to receive TMS and excluded if they were pregnant; using medications that reduce seizure threshold; or any metal or implanted devices that might be affected by TMS (Rossi et al., 2009). As substances like alcohol and caffeine can influence the aftereffects of iTBS, participants were asked not to consume alcohol or caffeine prior to the experiment (Chung et al., 2017). Stroke survivors were excluded from this study if they had cognitive impairment (i.e., the score of Montreal Cognitive Assessment was below 22/30) (Nasreddine et al., 2005) and cannot comprehend or follow three step commands (Ding et al., 2018). Nineteen out of twenty-two stroke survivors were free from lesions in the primary motor cortex (M1). Demographic characteristics are described in Tables 1, 2.


TABLE 1. Patients’ demographic and clinical characteristics.
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TABLE 2. Stroke characteristics.
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Experimental Procedure

This was a single-session, sham-controlled, randomized single-blinded study. Participants were randomly assigned to the experimental (Active iTBS) and control (Sham iTBS) groups, with eleven participants in each group. Participants were blinded with the group they were assigned to. Upper-extremity component of Fugl-Meyer motor function assessment (FMA) and action research arm test (ARAT) were used to assess motor impairment and upper limb motor function of stroke survivors, respectively. TMS-EEG recordings were performed at baseline and immediately after the completion of iTBS.



Intermittent Theta Burst Stimulation

A NS5000 Magnetic Stimulator (YIRUIDE Medical Co., Wuhan, China) equipped with a 70 mm figure-of-eight coil was used for TMS delivery (biphasic pulses, pulse width = 350 ms). TBS involves the application of a burst of three pulses at 50 Hz repeated at 5 Hz. iTBS involves the application of a 2 s train of TBS repeated every 10 s for a total of 192 s (Huang et al., 2005).

Prior to the application of iTBS, resting motor threshold (RMT) determination was performed in both hands in a random order. Surface electromyography was recorded from the first dorsal interosseus (FDI). Participants were seated comfortably in a chair and were asked to keep their eyes open throughout the experiment (Chung et al., 2017; Ding et al., 2018). During TMS, the coil was positioned tangentially 45 degrees to the midline. Participants were instructed to keep their arms relaxed while determining the optimal scalp position for eliciting maximal responses in the FDI (Ding et al., 2018). RMT was determined as the minimum intensity required to evoke 5 out of 10 MEPs greater than 50 μV at rest (Chen et al., 1998). A neuronavigation system (Visor2, ANT Neuro, Hengelo, Netherlands) was used to ensure consistent coil positioning over the optimal scalp position (i.e., motor hotspot) throughout the experiment (Ding et al., 2021a,c). For the individuals in whom MEPs in the IH cannot be elicited even with 100% MSO (n = 6 in the Active iTBS group and n = 5 in the Sham iTBS group), RMT in the IH was considered as 100% maximum stimulator output (MSO).

iTBS was applied over the motor hotspot in the ipsilesional M1. The iTBS stimulation intensity was set at 70% RMT in the IH (Volz et al., 2016; Ding et al., 2021c). During the application of iTBS, participants were instructed to remain static. As 40% MSO is the upper limit for iTBS with the NS5000 Magnetic Stimulator, iTBS stimulation intensity was set at 40% MSO if the calculated stimulation intensity was greater than 40% MSO (Ding et al., 2021c). For sham stimulation, the same stimulation intensity was used as for iTBS. The TMS coil was held perpendicular to the skull, touching the skull with the rim opposite the handle during sham stimulation (Nettekoven et al., 2014).



Transcranial Magnetic Stimulation-Electroencephalography Recordings

During TMS-EEG recording, participants were seated comfortably in a sound-shielded, dimly lit room. TMS was performed using a NS5000 Magnetic Stimulator (YIRUIDE Medical Co., Wuhan, China) (biphasic pulses, pulse width = 350 ms). A neuronavigation system (Visor2, ANT Neuro, Hengelo, Netherlands) was used during the application of TMS (Ding et al., 2021a).

TMS-evoked EEG responses were recorded using a TMS-compatible EEG cap (ANT Neuro, Enschede, Netherlands) with 64 Ag/AgCl electrodes in a layout based on the extended international 10–20 system for electrodes placement (Jurcak et al., 2007; Tamburro et al., 2020). All channels were referenced online to CPz and amplified with an eego amplifier (ANT Neuro, Enschede, Netherlands). Data were sampled at 8,000 Hz with impedances kept below 5 kΩ for all channels throughout data collection. To prevent EEG auditory evoked potentials and eye muscle reactions induced by the TMS click, participants wore inserted earplugs during TMS-EEG recordings (Ter Braack et al., 2015; Tscherpel et al., 2020). To minimize bone conduction produced by TMS, we placed a thin layer of plastic film between the TMS coil and the EEG cap during testing (Massimini et al., 2007; Tscherpel et al., 2020).

TMS-EEG testing was performed in both hemispheres in a random order. During TMS-EEG recordings, 50 TMS pulses were applied on M1 (i.e., motor hotspot) in each hemisphere with a 5–8 s interval between two adjacent stimuli. Stimulation intensity was set at 80% RMT. On one hand, this intensity is suggested to be above the threshold of a significant EEG response (Tremblay et al., 2019; Tscherpel et al., 2020). On the other hand, as this intensity is below RMT, muscular responses are unlikely to be induced, which limits reafferent somatosensory feedback that is known to influence on the EEG responses (Tremblay et al., 2019). Of note, for the individuals in whom MEPs in the IH were not elicitable, we used RMT in the CH as a reference for setting stimulation intensities in the IH and defined ipsilesional motor hotspot based on anatomical landmarks (i.e., the hand knob) (Tscherpel et al., 2020).



Data Analysis


Transcranial Magnetic Stimulation-Electroencephalography Analysis

Acquired EEG signals were analyzed off-line using MATLAB2019b (Mathworks, Inc., Natick, MA, United States) with customized scripts. EEGLAB toolbox (version 14.1.2b) (Delorme and Makeig, 2004) and TMSEEG toolbox (Atluri et al., 2016) were used for data preprocessing. Continuous EEG data were epoched around the test TMS pulse (−1,000 to + 1,000 ms). Each data trial was baseline corrected with the mean of the pre-stimulus period from −700 to −200 ms (Atluri et al., 2016; Sun et al., 2018). Data from −5 to 20 ms was discarded to eliminate the large TMS artifact. Trials and channels that were outliers with high-frequency power were labeled and removed by guided visual inspection (Sun et al., 2018) (number of artifact-free trials: Active iTBS group: 44.3 ± 4.5, Sham iTBS group: 44.1 ± 2.2). TMS decay artifacts were cleaned by removing characteristic noise components extracted with independent component analysis (ICA) (number of ICA components removed: Active iTBS group: 4.9 ± 1.1, Sham iTBS group: 4.8 ± 0.8). The signals were then band-pass filtered to 1–45 Hz with a notch filter (50 Hz). After the signals were filtered, a second round of ICA was performed to eliminate other noise components (e.g., ocular, cardiac or muscular artifacts, etc.) (Delorme et al., 2007) (number of ICA components removed: Active iTBS group: 2.5 ± 1.4, Sham iTBS group: 2.7 ± 0.8). Any missing channels were linearly interpolated (number of interpolated channels: Active iTBS group: 5.2 ± 1.3, Sham iTBS group: 5.2 ± 1.6). All channels were then referenced to the average across all electrodes and sampled down to 1,000 Hz.

After preprocessing, EEG data trials were averaged for each recording condition to obtain TEPs. When visualizing the TEPs, we found that electrodes near the stimulating coil suffered from residual artifacts for up to + 30 ms, which cannot be completely cleaned by ICA (Komssi et al., 2004; Rogasch and Fitzgerald, 2013). To be consistent with previous studies (Rogasch and Fitzgerald, 2013; Gordon et al., 2018), data analysis in current study focused on TEPs after + 30 ms from the TMS onset. LMFP was computed as the square root of squared TEPs averaged across the five channels surrounding the stimulated motor cortex (Left motor cortex: C1, C3, FC1, FC3, Cz; Right motor cortex: C2, C4, FC2, FC4, Cz) (Tscherpel et al., 2020). To minimize the effect of possible artifacts occurring at the time of stimulation, LMFP was calculated over a 30–200 ms time window with using the following formula:
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where t is time, K is the number of channels, Vi is the voltage in channel i averaged across subjects, and Vmean is the averaged voltage in the channels of interest (Casula et al., 2016).

GMFP was computed as the square root of squared TEPs averaged across all active channels on the entire surface of the head. GMFP was calculated over a 30–200 ms time window with using the following formula:

[image: image]

where t is time, K is the number of channels, Vi is the voltage in channel i averaged across subjects, and Vmean is the averaged voltages in all active channels (Lehmann and Skrandies, 1980; Pellicciari et al., 2018).

Spectral features in the time-frequency domain were evaluated by computing the event-related spectral perturbation (ERSP) based on Morlet wavelet transform as follows:

[image: image]

where for n trials, the spectral estimate F was computed at trial k, at frequency f and time t (Casula et al., 2018; Koch et al., 2020).

EOR was computed by averaging the oscillatory activity of channels surrounding the stimulated motor cortex (Left motor cortex: C1, C3, FC1, FC3, Cz; Right motor cortex: C2, C4, FC2, FC4, Cz). To minimize the effect of TMS artifacts, the frequency values were calculated by averaging the EOR values over a 30–200 ms time window. Subsequently, the spectral power in the frequency ranges between 2–4 Hz (delta), 4–8 Hz (theta), 8–13 Hz (alpha), and 13–30 Hz (beta) was extracted from the wavelet dataset (Pellicciari et al., 2018). Natural frequency was then calculated as the frequency with the largest cumulated ERSP upon stimulated motor cortex between 5–50 Hz (Tremblay et al., 2019; Tscherpel et al., 2020).



Statistical Analysis

Statistical analyses were performed in JMP Pro Version 13.2 (SAS Institute Inc., Cary, NC, United States) and FieldTrip toolbox (Oostenveld et al., 2011) in MATLAB2019b. Non-parametric cluster-based permutation tests by means of the Monte Carlo method were conducted to assess differential changes in LMFP and GMFP after iTBS between groups in each hemisphere. Comparisons were first made across time points for each iTBS condition (within-comparison). Between-group comparisons were performed using change-from-baseline score (i.e., after iTBS–before iTBS) (Chung et al., 2019). Monte Carlo P-values were calculated on 3,000 random permutations, and t-values within every cluster were summed up for cluster-level statistics in each permutation. The proportion of random permutations with larger test statistics than the observed one was the significance probability. Time points were considered significant when > 10 successive t-tests reached the significance threshold (P < 0.025) (Casula et al., 2016).

Linear mixed effects (LME) modeling was performed to test differential changes in EOR and natural frequency after iTBS between groups in each hemisphere. Group, Timepoint, and Group × Timepoint interaction were included as fixed effects, and subject was included as a random effect. Timepoint was set as repeated covariance structure. Normality of the residuals was visually assessed for each model with conditional residual quantile-quantile plots, and all were found to reasonably conform to the assumption of normality. Post hoc tests were performed when F-tests were significant. Multiple comparisons between Timepoints or Groups were performed with Tukey–Kramer adjustment.

The normality of data was tested using the Kolmogorov-Smirnov test before conducting correlation analyses. For the data that met the normality assumption, Pearson correlations were performed to investigate the relationship between baseline and changes in neurophysiological measures (e.g., LMFP, GMFP, EOR and natural frequency) and subject characteristics (e.g., age, chronicity, FMA, and ARAT). For the data that violated the normality assumption, Spearman correlations were performed instead. For all analyses, statistical significance was established at P < 0.05. Post hoc power analyses were performed using G*power (Version 3.1) (Faul et al., 2007) and JMP pro (Version 13.2) to determine whether current study had enough power to detect the differences between conditions, which calculated the power (1–β) as a function of α (0.05), the sample size, and the population effect size (Cohen, 1988; Chung et al., 2019).





RESULTS

All participants tolerated iTBS well and no adverse events were reported. TEPs in a representative patient are presented in Figure 1.


[image: image]

FIGURE 1. TMS-evoked EEG potentials in a representative subject. Top row: The gray curves represent TEP in each channel, and the red bold curves represent the averaged TEP in the channels surrounding the stimulated motor cortex (C4). Bottom row: Topographic plots of the TMS-evoked responses at 30, 45, 60, 100, and 180 ms post-TMS.



Local Mean Field Power and Global Mean Field Power

The cluster-based permutation test did not reveal any significant change after Active or Sham iTBS in either hemisphere (P’s > 0.05) (Figure 2).
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FIGURE 2. Local and global mean field power changes after iTBS. Data presented are group mean ± standard error. The top panel presents the data in the IH, and the bottom panel presents the data in the CH. (A,B) LMFP in the Active and Sham TBS group, respectively. (C,D) GMFP in the Active and Sham TBS group, respectively. The red curves represent LMFP or GMFP before iTBS, and the blue curves represent LMFP or GMFP after iTBS. There was no significant change in LMFP or GMFP after iTBS in either group.




Transcranial Magnetic Stimulation-Evoked Oscillatory Response

The LME modeling did not reveal any significant main effect or interaction in any frequency band in either hemisphere (P’s > 0.05) (Figure 3).
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FIGURE 3. TMS-evoked oscillatory response (EOR) changes after iTBS. Data presented are group mean ± standard error. The top panel presents the data in the IH, and the bottom panel presents the data in the CH. (A–D) presents EOR before and after iTBS in the delta, theta, alpha and beta bands, respectively. The red circles represent the Active iTBS group, and the blue circles represent the Sham iTBS group. There was no significant change in EOR after iTBS in any frequency band in either group.




Natural Frequency

At baseline, natural frequency in the IH was significantly slower compared with the CH (P = 0.006, power = 0.67) (Figure 4).
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FIGURE 4. Differences in baseline natural frequency between hemispheres. (A,B) Illustration of TEP, ERSP and natural frequency in the IH and CH in a representative subject. The gray curves represent TEP in each channel, and the red bold curves represent the averaged TEP in the channels surrounding the stimulated motor cortex. The ERSP plots show the TMS-evoked oscillatory responses in amplitude and duration, with black dotted lines highlighting the frequency with the highest power (i.e., natural frequency). (C) Data presented are group mean ± standard error. Baseline natural frequency was significantly slower in the IH compared with CH in the entire sample. The solid circles represent the IH, and the empty circles represent the CH.


In the IH, the LME modeling revealed significant main effect of Timepoint and Timepoint × Group interaction [F(1, 20) = 6.00, P = 0.024, power = 0.58; F(1, 20) = 10.73, P = 0.004, power = 0.81, respectively] in natural frequency. Post hoc revealed that in the Active iTBS group, natural frequency was significantly increased after iTBS (P < 0.001), while in the Sham iTBS group, natural frequency was not significantly changed after iTBS (P > 0.05) (Figure 5).
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FIGURE 5. Natural frequency changes after iTBS. (A–D) Illustration of TEP, ERSP and natural frequency in the IH before and after iTBS in representative subjects in the Active (A,B) and Sham (C,D) iTBS groups. The gray curves represent TEP in each channel, and the bold curves represent the averaged TEP in the channels surrounding the stimulated motor cortex. The ERSP plots show the TMS-evoked oscillatory responses in amplitude and duration, with black dotted lines highlighting the frequency with the highest power (i.e., natural frequency). (E) Data presented are group mean ± standard error. In the Active iTBS group, IH natural frequency was significantly increased after iTBS; while in the Sham iTBS group, there was no significant change in natural frequency after iTBS. (F) Illustration of individual changes in IH natural frequency after iTBS in both groups. The red circles represent the Active iTBS group, and the blue circles represent the Sham iTBS group.


In the CH, the LME modeling did not reveal any significant main effect or interaction in natural frequency (P’s > 0.05).



Correlation Analysis

Significant positive correlations were observed between baseline IH natural frequency and motor function (including ARAT and FMA) (r’s = 0.56 and 0.54, P’s = 0.007 and 0.009, power’s = 0.81 and 0.77, respectively) (Figure 6). No significant correlation was observed between other neurophysiological measures (i.e., LMFP, GMFP and EOR) and subject characteristics (i.e., age, chronicity and motor function) (P’s > 0.05).


[image: image]

FIGURE 6. Correlations between natural frequency and motor function. (A) There was a significant positive correlation between natural frequency in the IH and upper extremity Fugl-Meyer assessment (FMA) score. (B) There was a significant positive correlation between natural frequency in the IH and action research arm test (ARAT) score.





DISCUSSION

In this study, we conducted concurrent TMS and EEG measurements at baseline and immediately after iTBS in stroke survivors. To our knowledge, this is the first study that used TMS-EEG to investigate the aftereffects of iTBS following stroke. At baseline, natural frequency was slower in the IH compared with CH, and IH natural frequency was positively correlated with upper limb motor function in stroke survivors. We also observed a significant increase in IH natural frequency after iTBS.


Alterations in Natural Frequency Following Stroke

At baseline, natural frequency was significantly slower in the IH compare with CH in stroke survivors. The difference in natural frequency between hemispheres has not been previously investigated following stroke. This is the first study to report an imbalance in natural frequency between hemispheres post-stroke. Similar results have been reported in a recent study (Tscherpel et al., 2020), in which natural frequency was slower in the IH of stroke survivors compared with healthy adults. Natural frequency in the motor cortex has been widely investigated in healthy adults (Rosanova et al., 2009; Ferrarelli et al., 2012; Casula et al., 2016; Tscherpel et al., 2020). In most studies with healthy adults, motor cortex natural frequency falls in the beta band (i.e., 13–30 Hz) (Rosanova et al., 2009; Ferrarelli et al., 2012; Casula et al., 2016; Tscherpel et al., 2020), which appears to be faster than those observed in stroke survivors in current study (7 Hz and 10 Hz in the IH and CH, respectively). As there was no healthy control group at baseline comparison in current study, our results suggest that natural frequency tends to be slower in the IH relative to CH following stroke, but whether natural frequency in both hemispheres (especially CH) is slower in stroke survivors compared with healthy adults needs to be tested in future studies.

We observed a positive correlation between IH natural frequency and paretic hand motor function, that is, the more severely impaired stroke survivors tend to have slower natural frequency in the IH. The same correlation was also reported by Tscherpel et al. (2020). Apart from this cross-sectional correlation, Tscherpel et al. (2020) also reported positive correlations between improvements in the paretic arm motor function and changes in natural frequency during the course of stroke recovery, suggesting that motor recovery following stroke is accompanied by an increase in IH natural frequency. Together, natural frequency provides valuable insights in investigating neural mechanisms underlying motor deficits following stroke and has the potential to be used as a biomarker indicating stroke recovery.

The mechanisms underlying the alterations in natural frequency following stroke remains unclear. One possible mechanism is associated with stroke-related disruption of thalamocortical connections (Tscherpel et al., 2020). Functional magnetic resonance imaging studies have reported substantial disturbance of the intra- and inter- hemispheric network architecture following stroke (Grefkes et al., 2008; Carter et al., 2010), and these alterations have been suggested to be related to motor deficits in stroke survivors (Grefkes et al., 2008; Carter et al., 2010). Lesion-induced cortical deafferentation was observed from subcortical structures, especially thalamus (Tscherpel et al., 2020). As thalamocortical neurons have been implicated in generating fast oscillations (Ferrarelli et al., 2012), disconnection of thalamocortical pathway following stroke may result in reduced IH natural frequency.

Apart from structural disconnections, intrinsic deficits of cortical neurons following stroke could be another mechanism. GABAergic interneurons have been suggested to produce and sustain complex large-scale network oscillations in fast frequency bands (Benes and Berretta, 2001), which are important for integration and synchronous communication between brain regions and are implicated in many brain functions, including fine motor control (Varela et al., 2001; Sohn and Hallett, 2004; Canali et al., 2017). GABA-mediated intracortical inhibition has been reported to be reduced in the IH following stroke (Liepert et al., 2000; Swayne et al., 2008; Ding et al., 2018). Although reduction in GABA-mediated intracortical inhibition may elevate neural plasticity and promote motor recovery in the early stage post-stroke (Clarkson et al., 2010; Huynh et al., 2013), prolonged deficiency in GABAergic activity may hamper stroke recovery over a wider time span (Liepert, 2006; Marconi et al., 2011; Ding et al., 2018). As natural frequency has been suggested to reflect intrinsic GABA transmissions (Ferrarelli et al., 2012; Tremblay et al., 2019; Ferrarelli and Phillips, 2021), deficient GABA-mediated inhibitory processes could be associated with slowing of natural frequency following stroke, especially in the individuals with severe motor impairments.



Effects of iTBS on Transcranial Magnetic Stimulation-Evoked Electroencephalography Responses

Transcranial magnetic stimulation-evoked EEG responses were quantified in the time and time-frequency domain in this study. In the time domain, we did not observe any significant change in LMFP or GMFP after iTBS. Several studies have investigated acute adaptations in LMFP and GMFP after iTBS applied on M1 in healthy adults, but the results lack a common thread (Gedankien et al., 2017; Bai et al., 2021; Ozdemir et al., 2021). No significant change in LMFP or GMFP after iTBS was observed in some studies (Gedankien et al., 2017; Ozdemir et al., 2021), but a reduction in GMFP after iTBS was reported in a recent study (Bai et al., 2021). Ozdemir et al. (2021) reported low reproducibility of iTBS-induced modulation of cortical responses (i.e., LMFP and GMFP) across two visits. The authors suggested that iTBS-induced neuromodulation may not be accurately reflected by TMS-EEG time domain parameters, possibly contributing to the inconsistent results in current literature (Ozdemir et al., 2021). Further studies are still needed to investigate whether TMS-EEG time domain parameters are good indicators for iTBS-induced neuromodulation.

In the time-frequency domain, we observed an increase in IH natural frequency after iTBS in stroke survivors. To our knowledge, the adaptation in natural frequency following TBS or rTMS has not been previously investigated in either healthy adults or stroke survivors, although natural frequency has been suggested to provide important insights in the aftereffects of plasticity-inducing protocols on cortical activities (Rosanova et al., 2009; Tremblay et al., 2019; Ferrarelli and Phillips, 2021). The mechanisms underlying the increase in natural frequency after iTBS are still unclear. As neural oscillations in cortical networks originated from interactions between cortical regions and the thalamus, natural frequency in a specific cortical region is thought to reflect the intrinsic dynamic of the corresponding thalamocortical circuits (Casula et al., 2016). It has been suggested that iTBS increases the amount of ongoing activity in the connections between the stimulation site and its interconnected brain regions, including the thalamocortical pathway (Bestmann et al., 2004; Suppa et al., 2008). As thalamus is the structure that generates high-frequency oscillations, strengthened thalamocortical connections after iTBS could increase natural frequency in the stimulated motor cortex (Ferrarelli et al., 2012; Casula et al., 2016).

We did not observe a significant change in EOR after iTBS in any frequency band. To our knowledge, adaptations in EOR after iTBS have only been investigated in healthy adults (Casula et al., 2016; Chung et al., 2017; Bai et al., 2021), but not in stroke survivors. Bai et al. (2021) applied iTBS on M1 and reported a reduction in alpha band EOR after iTBS. Chung et al. (Chung et al., 2017) and Casula et al. (2016) applied iTBS on non-motor areas (i.e., prefrontal cortex, cerebellum) and reported an increase in EOR in theta or beta band, respectively. Different stimulation sites of iTBS may account for inconsistent results among studies, as different brain regions preserve distinct oscillation properties (Rosanova et al., 2009; Tremblay et al., 2019). Different study populations [i.e., stroke survivors in current study vs. healthy adults (Bai et al., 2021)] and different methodological details (i.e., stimulation intensity of 80% RMT in current study vs. 110% RMT (Bai et al., 2021) for TMS-EEG recordings) may account for the inconsistent results between ours and Bai et al.’s (Bai et al., 2021) study. Based on the limited number of studies that investigated the adaptations in EOR after iTBS, further studies are needed to investigate how EOR is modulated after iTBS.



Clinical Implications

This is the first study that used concurrent TMS-EEG to investigate the aftereffects of iTBS following stroke. Aftereffects of iTBS are typically investigated by muscle responses induced by single-pulse TMS, which is not applicable to stroke survivors without a measurable MEP (Byblow et al., 2015; Pellicciari et al., 2018). At this regard, TMS-EEG does not rely on the integrity of the corticospinal tract or other efferent and afferent pathways; instead, it directly assesses cortical reactivity and oscillatory dynamics (Borich et al., 2016; Tscherpel et al., 2020). Therefore, TMS-EEG allows for a standardized assessment post-stroke and holds the potential to provide novel biomarkers indicating neuroplastic changes in response to intervention.

As to quantifying TMS-evoked EEG responses, we included natural frequency, a novel TMS-EEG parameter that reflects the intrinsic dynamics of the corresponding thalamocortical circuits as well as the intrinsic GABA transmissions. In line with a recent study (Tscherpel et al., 2020), we observed slowing of natural frequency in the IH as well as a positive correlation between IH natural frequency and motor function in stroke survivors, suggesting that alterations in natural frequency might be associated with motor deficits post-stroke, and natural frequency could be used as a biomarker indicating stroke recovery. Furthermore, IH natural frequency was increased after iTBS, indicating that natural frequency can be normalized by iTBS in stroke survivors and iTBS has the potential to promote motor recovery following stroke.



Limitations

We acknowledge limitations of present study. As a pilot study, the sample size of this study is small (N = 22). The chronicity of stroke survivors who participated in this study were within 18 months, so our findings may not be generalized to more chronic stroke survivors. Furthermore, most subjects in our sample (16 out of 22) were in the subacute phase of stroke (i.e., 1–6 months from stroke onset), which did not allow us to perform subgroup analysis for chronicity in current study. In future work, our results need to be tested in stroke survivors with a wider range of chronicity with larger sample sizes and to perform subgroup analysis for individuals in acute, subacute and chronic phases of stroke.

Auditory and somatosensory potentials arising from the TMS pulses would contaminate the direct cortical response to TMS and confound its interpretation, so strategies are needed to minimize those unwanted stimulation. In current study, we used ear plugs and plastic film under the coil to dampen the auditory and somatosensory stimulation (Massimini et al., 2007; Ter Braack et al., 2015; Tscherpel et al., 2020), but some recent studies suggested that auditory noise masking and foam padding could be more effective in attenuating auditory and somatosensory potentials (Conde et al., 2019; Rocchi et al., 2021). We acknowledge that the lack of using noise masking and foam padding is a limitation of current study. Further TMS-EEG studies are needed to apply noise masking and foam padding to minimize the auditory and somatosensory potentials caused by TMS pulses.

For sham iTBS condition, we used regular TMS coil that is tilted with an edge touching the head. This sham TBS approach produces a clicking sound that is very similar to an active TMS pulse, which has been widely adopted in previous TMS studies (Koch et al., 2009, 2020; Li et al., 2014; Nettekoven et al., 2014; Casula et al., 2016). However, the somatosensory perception produced by this sham TMS approach may not be as strong as active TMS, which possibly affects the arousal level of subjects in the two groups differently. Further studies are needed to use sham TMS coil with better mimic of somatosensory perception produced by active TMS.

Current study delivered only 50 pulses in each hemisphere when testing TMS-EEG (∼44 artifact-free trials), which is a small number of trials compared with many previous studies (Rosanova et al., 2009; Pellicciari et al., 2018; Tscherpel et al., 2020). As TMS-EEG testing was repeated four times in a single session for each subject (i.e., IH and CH, before and after iTBS), it was difficult for many stroke survivors to maintain static for such a long time. Therefore, we did not deliver more TMS pulses for TMS-EEG testing. As suggested in previous studies, adequate number of trials are critical for generating reliable TEPs (Rogasch and Fitzgerald, 2013; Tremblay et al., 2019). We acknowledge that the small number of trials is a limitation in current study which may negatively affect the reliability of current study. Cautions are needed when interpreting our results, and further studies with larger number of trials are needed to be conducted.

Present study took TMS-EEG measurements only at baseline and immediately after iTBS without a follow-up. We acknowledge that it would be more meaningful to take TMS-EEG measurements at multiple time points after iTBS, but it has already been a long experiment for stroke survivors, and many subjects could not tolerate for a longer time of data collection. Further studies are needed to measure TMS-EEG at multiple time points after iTBS.



Conclusion

This is the first study to use concurrent TMS and EEG to investigate the aftereffects of iTBS in following stroke. We observed alterations in natural frequency following stroke which is related to motor impairments. Our results also provide evidence that iTBS increases natural frequency in stroke survivors. Our findings implicate that iTBS has the potential to normalize natural frequency in stroke survivors, which can be utilized in stroke rehabilitation.
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Long-Term Motor Cortical Electrical Stimulation Ameliorates 6-Hydroxydopamine-Induced Motor Dysfunctions and Exerts Neuroprotective Effects in a Rat Model of Parkinson’s Disease
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Objective: Cortical electrical stimulation (CES) can modulate cortical excitability through a plasticity-like mechanism and is considered to have therapeutic potentials in Parkinson’s disease (PD). However, the precise therapeutic value of such approach for PD remains unclear. Accordingly, we adopted a PD rat model to determine the therapeutic effects of CES. The current study was thus designed to identify the therapeutic potential of CES in PD rats.

Methods: A hemiparkinsonian rat model, in which lesions were induced using unilateral injection of 6-hydroxydopamine (6-OHDA) into the medial forebrain bundle, was applied to identify the therapeutic effects of long-term (4-week) CES with intermittent theta-burst stimulation (iTBS) protocol (starting 24 h after PD lesion observation, 1 session/day, 5 days/week) on motor function and neuroprotection. After the CES intervention, detailed functional behavioral tests including gait analysis, akinesia, open-field locomotor activity, apomorphine-induced rotation as well as degeneration level of dopaminergic neurons were performed weekly up to postlesion week 4.

Results: After the CES treatment, we found that the 4-week CES intervention ameliorated the motor deficits in gait pattern, akinesia, locomotor activity, and apomorphine-induced rotation. Immunohistochemistry and tyrosine hydroxylase staining analysis demonstrated that the number of dopamine neurons was significantly greater in the CES intervention group than in the sham treatment group.

Conclusion: This study suggests that early and long-term CES intervention could reduce the aggravation of motor dysfunction and exert neuroprotective effects in a rat model of PD. Further, this preclinical model of CES may increase the scope for the potential use of CES and serve as a link between animal and PD human studies to further identify the therapeutic mechanism of CES for PD or other neurological disorders.

Keywords: cortical electrical stimulation, Parkinson’s disease, gait, locomotor function, neuroprotection, 6-OHDA, rats


INTRODUCTION

Parkinson’s disease (PD) is the second-most-frequently diagnosed neurodegenerative disease after Alzheimer’s disease and has become a major medical concern that affects 7–10 million individuals, close to 1% of the global population aged over 60 years (Nussbaum and Ellis, 2003; De Lau and Breteler, 2006; Wood-Kaczmar et al., 2006; Gilman, 2007; Kauffman et al., 2007; Reeve et al., 2014). The pathologic hallmark of the disease originates from degeneration of the dopaminergic neurons in the substantia nigra pars compacta (SNpc), which leads to several motor disturbances such as tremor, slowness, stiffness, balance problems, bradykinesia, akinesia, and gait disturbance (Rogers, 1996; Kalia and Lang, 2015; Moller et al., 2016; Sveinbjornsdottir, 2016). Mainstream modern PD treatment involves pharmacological approaches of dopamine supplementation (e.g., levodopa and l-3,4-dihydroxyphenylalanine) or dopamine agonist administration. Although dopaminergic drugs are effective treatments for controlling these symptoms in the initial stage of PD, associated complications such as levodopa-induced dyskinesia, freezing of gait, postural instability, depression, and motor fluctuations are common side effects after 5–10 years of levodopa administration, with the percentage of affected patients increasing over time (Obeso et al., 2000; Connolly and Lang, 2014; Bastide et al., 2015; Espay et al., 2018). Thus, it is still a high unmet need for developing the alternative and non-pharmacological therapeutic approach that can overcome the limitations of current treatment for PD.

Numerous alternative non-pharmacological and neuromodulatory approaches, such as repetitive transcranial magnetic stimulation (rTMS), transcranial direct current stimulation (tDCS), and cortical electrical stimulation (CES), are regarded as promising new therapeutic strategies for inducing the changes in neural activity and plasticity and considered as the new therapeutic strategies for PD (Pascual-Leone et al., 1994; Lefaucheur et al., 2004; Fasano et al., 2008; Elahi and Chen, 2009; Gutierrez et al., 2009; Degardin et al., 2012; De Rose et al., 2012). Among these techniques, compared with rTMS or tDCS, CES is a focused cortical stimulation technique that can provide higher focalization, spatial resolution and accuracy for stimulating a specific area of the motor cortex (Hsieh et al., 2015a). In clinical, CES has been used in neuropathic pain management (Son et al., 2006; Fagundes-Pereyra et al., 2010; Alm and Dreimanis, 2013). In addition, similar to the rTMS and tDCS, a recent animal study suggested that, CES can modulate motor cortical excitability through plasticity-like mechanisms (Hsieh et al., 2015a). Other preclinical studies have also demonstrated that CES can improve functional outcomes in ischemic stroke rats (Adkins-Muir and Jones, 2003; Adkins et al., 2006; Adkins et al., 2008). In human studies, it has been reported that CES of the motor cortex is not only effective in pain relief but also improves cognitive and motor functions in patients with advanced PD (Fasano et al., 2008; Gutierrez et al., 2009; De Rose et al., 2012). Although the CES approach has been reported in several human studies, studies that have applied CES as a long-term treatment in PD animals are few. In addition, several questions, such as what the optimal stimulation protocols and the underlying mechanisms of CES treatment for PD are, remain unclear (Cioni, 2007; Lefaucheur, 2009). Further experimental studies are required to determine the therapeutic value and the indications of CES in the treatment of PD.

For translational purposes, a diseased animal model could be the optimal means of studying the pathogenesis of PD. Such a model may provide a more stable condition, standardized stimulation protocol and controlled method of assessment to eliminate the discrepancies and clarify the treatment outcomes. To date, the detailed long-term effects of CES on PD-related symptoms as well as CES-induced neuroprotective effects have not been studied in PD animal models. Therefore, the current study was designed to identify the therapeutic potentials of CES in a neurotoxin-induced PD rat model. The therapeutic effects of CES were measured using behavioral assessments, including detailed time-course analysis of motor symptoms such as gait pattern, open-field locomotor activity, akinesia, drug-induced rotation and dopamine depletion levels. It was hypothesized that long-term CES intervention would reduce the aggravation of motor dysfunctions and have a neuroprotective effect on dopaminergic neurons in PD rat model. The knowledge obtained in the current study may have translational relevance for developing new therapeutic applications of CES in PD or other neurological disorders.



MATERIALS AND METHODS


Animals

To avoid the hormonal influences on PD lesions (Gillies et al., 2014), experiments were conducted on 16 male Sprague Dawley rats (9 weeks old; body weight, 300–350 g) obtained from the BioLASCO Taiwan Co., Ltd., Taipei City, Taiwan. All rats were housed in a temperature-controlled animal care facility to a 12 h photoperiod (0700–1,900 h light) and temperature of 25°C with freely available food and water. All animal procedures were approved by the Institutional Animal Care and Use Committee at Chang Gung University. All efforts were made to minimize the number of rats required for the current study.



Parkinson’s Disease Rat Model

In the current study, the classical model of intracerebral injection of neurotoxin 6-hydroxydopamine (6-OHDA) in rats was applied. The animal preparations and procedures for the induction of the PD rat model were in accordance with previous studies (Hsieh et al., 2011; Lee et al., 2012; Hsieh et al., 2015b; Feng et al., 2020). Briefly, rats were anesthetized using intraperitoneal injection of Zoletil 50 (50 mg/kg, i.p. Zoletil, Vibac, Carros, France) with xylazine (10 mg/kg, Rompun, Bayer, Barmen, Germany) and then mounted on a stereotactic apparatus (Model 940, David Kopf Instruments, Tujunga, CA, United States). A 2-cm midline incision was made along the scalp, and the implantation area was carefully cleared with H2O2 to expose the bregma line. A 6-hydroxydopamine solution (6-OHDA; 8 μg dissolved in 4 μl 0.02% ascorbic saline, Sigma-Aldrich, Burlington, MA, United States) was injected intracranially into the left medial forebrain bundle at a rate of 0.5 μL/min (AP: –4.3 mm; ML: + 1.6 mm; DV: –8.2 mm) by using a 10-μL microsyringe (84877, Hamilton, OH, United States) in accordance with the stereotaxic brain atlas of Paxinos and Watson (2005). The needle was maintained in the brain for 5 min before being slowly withdrawn to avoid backfilling along the injection tract. After inducing the PD lesion, we verified the effectiveness of PD lesion at 4 weeks post-surgery by using an apomorphine-induced rotational test. The rats that did not exhibit apomorphine-induced contralateral rotation behaviors were excluded for further analysis.



Cortical Electrical Stimulation Electrode Implantation

After 6-OHDA injection, the CES electrode was then implanted on the rat’s skull under the same anesthesia. Stainless steel epidural screw electrodes (1.6-mm-diameter pole, 0–80 × 1/16, PlasticsOne Inc., Roanoke, VA, United States) were implanted into the four burr holes. Cortical electrodes were placed epidurally into the primary motor cortex of the forelimb (AP: −1.5 mm from the bregma; ML: ± 4.0 mm from the midline) and hind limb (AP: 1.0 mm from the bregma; ML: ± 1.25 mm from the midline) in accordance with functional rat brain mapping (Figure 1A; Fonoff et al., 2009). Four electrodes were inserted into a six-channel pedestal (MS363, Plastics One, Inc., Roanoke, VA, United States) by using wires. The screw electrodes and pedestal were secured to the skull surface with dental acrylic (Lang Dental Mfg., Wheeling, IL, United States). To focally stimulate the motor cortex of the rats, CES was applied from outside through an implantable plastic socket (E363/0 and MS363, Plastics One, Roanoke, VA, United States) (Figure 1B).
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FIGURE 1. Placement and assembly details of the cortical electrical stimulation (CES) electrodes for the long-term treatment of CES. (A) The CES electrodes were positioned at the motor cortex of the forelimb and hindlimb and connected to the six-channel pedestal with wires and fixed with dental cement. (B) During the CES treatment, the head electrode pedestal served as the plugin site of the electrode pin to conduct electrical current.




Cortical Electrical Stimulation Treatment and Experimental Design

To verify the therapeutic effects of CES, the 6-OHDA-induced PD rats were randomly assigned to one of two groups, a sham CES treatment group (n = 8) or a CES treatment group (n = 8; Figure 2). In the CES treatment group, awake PD rats were treated with CES and an intermittent theta-burst stimulation (iTBS) protocol (triplets of pulses at 50 Hz, repeated every 200 ms with a 2-s sequence of TBS repeated every 10 s for 20 repetitions to a total of 600 pulses per session) (Huang et al., 2005). Based on our earlier study, the severity of dopamine depletion could be critically involved for the expression of motor plasticity. It might further interfere the improvement of motor performance (Hsieh et al., 2015b). Accordingly, for elucidating the possible therapeutic effects, we therefore conducted to have the early intervention of CES before the onset of symptoms. One day after a PD lesion, the PD animals in the CES treatment group received the CES protocol (1 session/day, 28 consecutive sessions over 4 weeks) (Figure 2). The intensity of electrical pulses was set at 80% resting motor threshold, which was defined as the minimal intensity of magnetic stimulation required to elicit minimal forelimb muscle twitches. In the sham CES treatment group, the PD rats also underwent the same CES protocol, but no electrical stimulation was applied at the same time points. All behavioral examinations were performed before and after treatment by a well-trained examiner who was blinded to treatment types. The timetable of behavioral and biochemistry analyses is summarized in Table 1. Behavioral tests, including the bar test for akinesia, open-field locomotor activity and gait analysis were conducted before as well as every week after the 6-OHDA lesions. Apomorphine-induced rotation was performed every week after PD lesion. Three motor behavior tests (bar test, open field test, gait analysis) were performed in same sequence on same day. The rotational test was conducted on alternate day after motor behavior tests. For each test, there were at least 3 h of resting time between each behavioral test. To identify the neuroprotective effect of CES treatment on dopaminergic neurons and fibers, immunohistochemistry and western blot analysis were conducted at week 4 after PD lesion.
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FIGURE 2. Experimental design for the long-term CES treatment. CES treatment was performed 7 days a week for 4 successive weeks. Behavioral tests, including bar test, open-field test, gait analysis, and apomorphine-induced rotation behavior, were performed weekly to investigate the treatment effects over time. Immunohistochemistry (IHC) and western blot analyses were applied on the week-4 post PD lesion to identify the neuroprotective effects of dopaminergic neurons and fibers following 4 weeks of CES treatment.



TABLE 1. Timetable of behavioral and biochemical examinations on Parkinson’s disease (PD) rat model.
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Behavioral Test

The behavioral tests were measured at baseline and weekly for 4 weeks. The tests included bar test for akinesia, open-field locomotor activity, gait pattern, and apomorphine-induced rotation in the 6-OHDA lesioned rats with and without CES treatment.



Akinesia

Akinesia is a cardinal motor symptom of PD. In previous studies, the bar test has been performed to observe the akinesia phenomenon in rat models of PD (Mabrouk et al., 2009; Hsieh et al., 2011). At the outset of the bar test, each rat was placed gently on a platform. Both forelimbs were placed at the same time on a horizontal acrylic bar (0.7 cm diameter), which was held 9 cm above the table surface. The total duration (in seconds) spent from placing of each forepaw on the bar to the first complete removal from the support bar was recorded (Hsieh et al., 2011; Feng et al., 2020; Hsieh et al., 2021). All PD rats were measured over five subsequent trials and the durations of these trials were averaged.



Apomorphine-Induced Rotation Test

To verify the dopamine depletion levels after unilateral 6-OHDA infusion in PD rats, the conventional and reliable apomorphine-induced contralateral rotation test was performed (Creese et al., 1977; Iancu et al., 2005; Metz et al., 2005; Yoon et al., 2007; Hsieh et al., 2011). In brief, the rats were injected with apomorphine (0.5 mg/kg, dissolved in 0.02% ascorbic saline, Sigma-Aldrich, Burlington, MA, United States) and placed in a round bowl with a diameter of 40 cm. The number of rotations in a clockwise (contralateral) direction over 60 min was recorded on video and then manually counted using the trained examiner. Generally, a rotational response of over 300 rotations/h may suggest a maximum of 90% dopaminergic neuronal loss in the substantia nigra (Blandini et al., 2007; Hsieh et al., 2011). The rotation test was used to confirm the effectiveness of 6-OHDA infusion at 4 weeks post PD lesion. The rats that exhibited no contralateral rotation behavior induced by apomorphine were excluded from further analysis.



Open-Field Locomotor Activity

The open-field test was commonly applied to measure general locomotor activity in 6-OHDA induced PD rat model (Silva et al., 2016; Su et al., 2018; Feng et al., 2020). In the open field test, each rat was monitored on video camera in an open-field black plexiglass arena (60 cm × 60 cm × 100 cm in dimension), as previously described (Yang et al., 2016; Feng et al., 2020). The total distance traveled and the movement time of each animal during a 10-min testing period was recorded on a digital camera (C930e, Logitech, Newark, CA, United States) and analyzed using a video-tracking system (Smart v3.0, Panlab SL, Barcelona, Spain). The testing arena was completely cleansed with 75% ethanol in the periods between each rat’s test session.



Gait Analysis

To understand the motor behavioral changes in the PD rats before and after CES treatment, a detailed gait analysis was performed to assess gait disturbances in the PD rats. The procedure for measuring gait pattern was as described in previous works (Hsieh et al., 2011; Lee et al., 2012; Hsieh et al., 2021). In brief, the walking track equipment consisted of an enclosed walkway made of transparent plexiglass (80 cm × 6 cm × 12 cm length, width, and height, respectively) with a mirror (tilting at 45°) positioned underneath the walkway. A high-speed and high-resolution camera (PX-100, JVC, Yokohama, Japan) was positioned in the front of the walkway to capture a sagittal view and a downward view reflected by the mirror. After recording, we captured the image data from each trial and processed them semi-automatically by using the Matrix Laboratory software (MathWorks, version 9.6., R2019a) to identify the sequential footprints. Four spatial parameters (i.e., step length, stride length, base of support, and foot angle) and three temporal gait parameters (i.e., walking speed, stance/swing phase time, and stance/swing ratio) were determined (Hsieh et al., 2011; Lee et al., 2012; Liang et al., 2014).



Histology Investigation

To assess the dopaminergic loss in the nigrostriatal neurons and fibers in PD rats, tyrosine-hydroxylase (TH) staining was performed (Hsieh et al., 2011; Li et al., 2015; Feng et al., 2020). The 6-OHDA-lesioned rats from both groups were sacrificed after behavioral tests at postlesion week 4. The procedure for the TH staining was as described previously (Truong et al., 2006; Hsieh et al., 2011; Hsieh et al., 2015b; Feng et al., 2020). In brief, the rat brains were carefully removed, postfixed with 4% paraformaldehyde fixative solution (PFA), and then placed under 48-h cryoprotection at 4°C with 30% sucrose solution until the brain sank. The cerebral tissues were sectioned into 30-μm-thick coronal blocks by using a cryostat (Leica CM3050 S Cryostat, Miami, FL, United States). The substantia nigra pars compacta (SNpc) and striatum areas were selected. The free-floating sections were quenched for 10 min with 0.3% H2O2–phosphate-buffered-saline (PBS) and blocked non-specific antibodies for 1 h with 10% milk. The sections were then incubated with anti-TH rabbit primary antibody (1:1,000, AB152, Millipore, Burlington, MA, United States) at room temperature for 1 h. Thereafter, the sections were washed three times with PBS, incubated with antirabbit secondary antibody (1:200, MP-7401, Vector Labs, Burlingame, CA, United States) at room temperature for 1 h, and placed in 3,3-diaminobenzidine (DAB, SK-4105, Vector Labs, Burlingame, CA, United States) solution for 3–5 min. Finally, the sections were mounted on slides and treated with graded alcohols to dehydrate them. To remove excess dyes and make the samples clear for microscopic observation, the brain tissue sections were cleaned using xylol (Sinopharm, Beijing, China) before being coverslipped in dibutyl phthalate polystyrene xylene. Three brain slices were collected and used for further analysis in each rat. The sections were digitally scanned by using a digital pathology slide scanner (Aperio CS2, Leica Biosystems Inc., Buffalo Grove, IL, United States). The obtained digital images were then converted into binary (8-bit black-and-white) images. In each slide, two fields, including SNpc and striatum in the non-lesioned and lesioned areas were chosen for further analysis. The numbers of TH-positive cells in the SNpc were counted by means of particle analysis using Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, United States) and these values were then manually validated by two investigators to ensure the correct identification of TH-positive pattern (Hsieh et al., 2021). The percentage of TH-positive cells was calculated in the ipsilateral hemisphere and normalized with respect to the contralateral side (Feng et al., 2020; Hsieh et al., 2021). With regard to the striatal TH-positive fibers, the same image analysis software (Image-Pro Plus 6.0, Media Cybernetics, Bethesda, MD, United States) was used to correct the non-specific background density measured at the corpus callosum, and the optical density of the TH-positive fibers in the striatum of each hemisphere was analyzed separately (Hsieh et al., 2011; Feng et al., 2020; Hsieh et al., 2021). The percentage of TH-positive fibers on the ipsilateral side was normalized and presented with respect to the contralateral side.



Western Blot

Approximately 4 μg of tissue-lysate proteins was fractionated and separated using 12% sodium dodecyl sulfate-polyacrylamide gel and then blotted onto a polyvinylidene difluoride membrane (Millipore, Burlington, MA, United States). To prevent antibodies from binding to the membrane non-specifically, the membrane was blocked with 5% skim milk diluted in Tris-buffered saline with Tween 20 buffer. Dopaminergic neuron levels were calculated using a blotting membrane with indicated primary antibodies, including anti-TH (1:100, Merck, Darmstadt, Germany) and mouse anti-β-actin (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, United States). After incubation with anti-mouse IgG antibodies (enzyme horseradish peroxidase [HRP]; 1:5,000, GeneTex, Irvine, CA, United States) for 1 h at room temperature, the protein intensity was determined using a chemiluminescent HRP substrate (Millipore, Burlington, MA, United States). The bands were digitally scanned, and the intensities were quantified using Image J software (National Institutes of Health, Bethesda, MD, United States).



Data Analysis

Statistical analysis was performed using the SPSS 25.0 package (IBMCorp., Armonk, NY, United States). The significance level was set at p < 0.05. The effect of CES treatment for all data measures was assessed using two-way repeated-measures analysis of variance (ANOVA) with protocol (sham vs. CES treatment) used as the between-subjects factor and time (pre-assessment vs. post-assessment) as the within-subject factor. Unpaired t tests were performed to compare groups at each time point when the main effect of the group was significant. Furthermore, separate one-way ANOVAs, followed by post-hoc Bonferroni tests, were used to compare behavioral, immunohistochemistry and Western blot data at distinct time points as necessary.




RESULTS


Effects of Cortical Electrical Stimulation Treatment on Akinesia After 6-Hydroxydopamine Lesion

All behavioral tests were completed in eight PD-lesioned rats that underwent 4 weeks of sham treatment and in another eight such rats that underwent 4 weeks of CES treatment. The akinesia phenomenon was observed using the prelesion and post-6-OHDA-lesion week 1–4 using bar test. Repeated-measures ANOVA revealed significant differences main effects of time (F(4,56) = 62.483, p < 0.001), group (F(1,14) = 148.764, p < 0.001), and time × group interaction (F(4,56) = 59.823, p < 0.001). Moreover, the subsequent post-hoc t-tests revealed that the duration in the bar test reached significant differences between the two groups at 1 week (t = 3.406; p = 0.004), 2 weeks (t = 6.875; p < 0.001), 3 weeks (t = 8.084; p < 0.001), and 4 weeks (t = 11.866; p < 0.001) after the 6-OHDA lesions were observed (Figure 3A).
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FIGURE 3. Time-course analysis of bar test (A) and apomorphine-induced rotational behavior (B) in the sham-CES-treated and CES-treated groups after the 6-hydroxydopamine (6-OHDA) lesions. Values are shown as means ± SEMs. *p < 0.05, **p < 0.01, and ***p < 0.001; each indicates significant difference between the two groups.




Effects of Cortical Electrical Stimulation Treatment on Apomorphine-Induced Rotation

In this study, we observed the contralateral rotations by using apomorphine-induced rotation tests from postlesion weeks 1–4 to characterize the extent of motor impairment behavior of PD rats with the disease progression. All animals exhibited the apomorphine-induced contralateral rotation behavior at 4 weeks post PD lesion. Therefore, all 16 rats (8 rats for sham CES treatment group and 8 rats for CES treatment group) were included for data analysis. Repeated-measures ANOVA revealed significant differences main effects of time (F(3,42) = 5.162, p = 0.004), group (F(1,14) = 14.757, p = 0.002), and time × group interaction (F(3,42) = 6.678, p = 0.001). Moreover, according to the results of the post-hoc t-tests at each time point, the differences were mainly influenced by CES treatment effects, which was chiefly observed in the number of rotations per hour at 2 weeks (t = 4.146; p = 0.001), 3 weeks (t = 4.194; p = 0.001), and 4 weeks (t = 3.735; p = 0.002) after 6-OHDA lesion (Figure 3B).



Effects of Cortical Electrical Stimulation Treatment on Open-Field Test Locomotor Activity Levels

The open-field test is a common behavioral test used to evaluate the locomotor activity. The measured outcomes, including walking distance, immobile time and mobile time, were used to investigate the differences in general locomotor activity between the sham and CES treatment groups from the prelesion stage and throughout postlesion weeks 1–4. In the open field test, the overall traveled walking distance between the CES-treated rats and sham-CES treated rats following 6-OHDA PD lesion was calculated (Figure 4A). A repeated-measures ANOVA revealed significant differences main effects of time (F(4,56) = 15.872, p < 0.001), group (F(1,14) = 29.822, p < 0.001), and time × group interaction (F(4,56) = 4.325, p = 0.004). Moreover, according to the post-hoc t-test results, the differences were mainly influenced by CES treatment effects across every time point, primarily for walking distance at postlesion weeks 1 (t = –3.415; p = 0.004), 2 (t = –5.831; p < 0.001), 3 (t = –4.575; p < 0.001), and 4 (t = –5.751; p < 0.001; Figure 4B). With regard to the immobile time, repeated-measures ANOVA revealed significant differences main effects of time (F(4,56) = 9.608, p < 0.001), group (F(1,14) = 14.338, p = 0.002), and time × group interaction (F(4,56) = 5.851, p = 0.001). Moreover, according to the post-hoc t-test results, the differences were mainly driven by CES treatment effects across every time point, primarily for immobile time at postlesion weeks 1 (t = –2.610; p = 0.021), 2 (t = –4.857; p < 0.001), 3 (t = –2.321; p = 0.036), and 4 (t = –3.727; p = 0.002; Figure 4C). With regard to the mobile time, repeated-measures ANOVA revealed significant differences main effects of time (F(4,56) = 9.539, p < 0.001), group (F(1,14) = 14.386, p = 0.002), and time × group interaction (F(4,56) = 5.835, p = 0.001). Furthermore, according to post-hoc t-test results, the differences were mainly influenced by CES treatment effects across every time point, primarily in mobile time at postlesion weeks 1 (t = 2.609; p = 0.021), 2 (t = 4.858; p < 0.001), 3 (t = 2.327; p = 0.036), and 4 (t = 3.727; p = 0.002; Figure 4D).
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FIGURE 4. Time-course analysis of locomotor activity assessed by open-field test at before and after 6-OHDA lesions. (A) Representative traces of rat movement patterns during the open-field test in the sham- and CES-treaded rats before PD lesions and at postlesion weeks 1 and 4. (B) Significant differences were observed between the sham and CES treatment groups in walking distance, (C) immobile time, and (D) mobile time after PD lesions. Values are expressed as the means ± SEMs. *p < 0.05, **p < 0.01, and ***p < 0.001; each indicates a significant difference between the two groups.




Effects of Cortical Electrical Stimulation Treatment on Gait Pattern

In this study, a quantitative analysis of gait pattern in PD rats with and without CES treatment was performed. Figure 5A presents typical footprint images captured from the PD rats that underwent sham and CES treatments before PD lesion and at postlesion week 4. Repeated-measures ANOVA on gait parameters revealed significant time × group interaction in walking speed (F(4,56) = 15.80, p < 0.001), step length (F(4,56) = 4.51, p = 0.003), stride length (F(4,56) = 6.04, p < 0.001), double support time (F(4,56) = 4.756, p = 0.002), stance phase time (F(4,56) = 10.488, p < 0.001), suggesting less impairment of gait pattern in the CES treatment group than in the sham CES treated group (Figures 5B–D,F,G). No significant group × time interaction was found in base of support (F(4,56) = 0.65, p = 0.632) and swing phase time (F(4,56) = 0.901, p = 0.47) (Figures 5E,H). Post-hoc t-tests between the two groups showed that walking speed, step length, stride length, base of support, double support time and stance phase time reached a significant difference at 2, 3 and 4 weeks after PD lesion (Figures 5B–G).
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FIGURE 5. (A) Characteristics of stepping of rat (as indicated by footprints) during walkway locomotion prior to PD lesion and postlesion week 4 for a sham treatment group rat and a CES-treated rat. Time-course changes in walking speed (B), step length (C), stride length (D), base of support (E), double support time (F), stance phase time (G), and swing phase time (H) in the sham-treated and CES-treated PD rats over the 4 weeks of observation. Notably, the walking speed, step, and stride lengths decreased significantly in the sham CES treatment group but were less affected in the CES treatment group. Gradual increases in the base of support were found in both groups, but the CES treatment group exhibited a lower increase than the sham treatment group. *p < 0.05, **p < 0.01, and ***p < 0.001, each of which indicated significant differences between two groups at each time point (unpaired t-tests).


Figure 6A shows footprint images captured from PD rats with sham and CES treatment at week 4 following PD lesion. Repeated measures ANOVA on foot parameters during locomotion revealed significant main effect of group in print length (F(1,14) = 17.02, p = 0.001), toe spread (F(1,14) = 6.426, p = 0.024) but not in foot angle (F(1,14) = 1.254, p = 0.282). The differences were mainly driven by CES treatment according to the results of post-hoc t-test at each time point, which chiefly observed in print length and toe spread stride at the 4th week of 6-OHDA lesion (unpaired t-tests, p < 0.05) (Figures 6B–D).
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FIGURE 6. Characteristics of footprint during walkway locomotion in PD rats with sham-treatment or CES treatment after 4 weeks PD lesion (A). Time-course changes in print length (B), toe spread (C), and foot angle (D) in the sham- and CES-treated PD rats over 4 weeks of observation. Note that the print length, toe spread, and foot angle increased in the sham CES treatment group but less affected in the CES treatment group. *p < 0.05, **p < 0.01, and ***p < 0.001, significant differences between two groups at each time point (unpaired t-tests).




Quantification of Dopaminergic Neuronal Degeneration Levels

To observe the effects of 4-week CES treatment on dopaminergic neurons and fibers in the nigrostriatal pathway, we measured TH-positive cells in the substantia nigra and TH-positive fibers in the striatum by using immunohistochemistry staining. The results of the TH immunohistochemistry in the substantia nigra and striatum in PD rats that received and did not receive CES treatment for the 4 weeks are illustrated in Figure 7A. The quantification of TH-positive fiber loss in the striatum and TH-positive cell loss in the substantia nigra at 4 weeks post PD lesion are presented in Figure 7B. PD rats that received CES treatment exhibited a greater preservation of TH-positive fibers in the striatum (t = 26.879, p < 0.001) and TH-positive cells in the substantia nigra (t = 7.055, p = 0.002) compared with sham treatment group.
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FIGURE 7. (A) Representative TH-positive fibers in the striatum and TH-positive neurons in the substantia nigra pars compacta from the sham-treated and CES-treated rats at 4 weeks after PD lesion. (B) Comparison of the average TH-positive fibers and neurons between sham and CES treatment groups. (C) Expression of TH in the striatum represented through a western blot for PD rats that received sham (n = 3) and CES (n = 3) treatments at 4 weeks after PD lesion. (D) Quantitative analysis of relative protein levels of TH in the striatum in the sham and CES treatment groups. **p < 0.01, ***p < 0.001, each of which indicates a significant difference between the two groups.


Furthermore, we examined the expression levels of TH protein of the lesioned striatum in the sham or CES treatment group through western blotting. The TH levels in the striatum are illustrated in Figure 7C. Compared with the CES treatment group, the sham treatment group exhibited lower TH levels in the striatum. Post-hoc test in TH levels showed significant difference between the sham-treated and CES-treated PD rats (t = 8.576; p < 0.01; Figure 7D).




DISCUSSION

In the current study, we evaluated the effects of CES treatment in a 6-OHDA induced PD rat model. We performed several comprehensive quantitative assessments under various aspects of motor function (all of which are commonly affected in PD patients) to identify the therapeutic effects over the 4 weeks of CES treatment. We found that such a long-term CES treatment with iTBS protocol could mitigate 6-OHDA-induced motor dysfunction and potentially exert a neuroprotective effect on dopaminergic neurons and fibers. After 4 weeks of CES intervention, several types of motor behavioral impairment were reduced. In addition, the histological results revealed greater preservation of dopaminergic neurons and striatal fibers in the CES treated group than in the sham-treated group, a finding that was verified through western blotting, further indicating the neuroprotective effect of CES. To the best of our knowledge, this is the first study to comprehensively investigate the therapeutic effects of CES on several aspects of motor function in a PD rat model. These data could enhance the growing body of basic and clinical research on the efficacy of CES in PD treatment.

In this study, CES with iTBS protocol was applied to induce changes in long-term potentiation and plasticity in disease progression. The pattern of neurodegeneration in PD involves abnormal neuronal activities in the basal ganglia–thalamo–cortical circuits. For example, the usual effect of the facilitation of thalamic projections to the motor cortex is reduced in PD, resulting in deactivation or hypoactivation of cortical motor areas, and thus, reduced motor output during movement (Wichmann and Delong, 1996; Lefaucheur, 2005; Pasquereau et al., 2015). Functional neuroimaging studies have also indicated that the motor cortex is impaired in both the early and late stages of PD. For example, hypoactivation in the primary motor cortex seems to be observed preferentially by functional magnetic resonance imaging (fMRI) in early, untreated patients (Ellaway et al., 1995; Buhmann et al., 2003). By contrast, hyperactivity of the motor cortex has more often been found in patients with more advanced PD (Sabatini et al., 2000; Haslinger et al., 2001). It indicates that the motor cortex may be attributed to a compensatory cortical reorganization due to the disease progression (Rascol et al., 1998). The available anatomical, physiological, and imaging-based studies suggest that PD results from dopamine loss in the basal ganglia, which induces neuronal discharge abnormalities within the entire motor circuit (Delong and Wichmann, 2007). In addition to the basal ganglia pathway, at the cortical level, this manifests in the form of abnormalities in cortical activation patterns during movement tasks (Delong and Wichmann, 2007). Thus, in addition to the basal ganglia circuit, targeting the motor circuitry in neuromodulation approaches can be also be considered as a therapeutic strategy for PD. Previous research has demonstrated that both long-term potentiation and depression-like plasticity of the motor cortex are impaired in individuals with PD (Kishore et al., 2011; Suppa et al., 2011). On the basis of histological and behavioral investigations, our earlier study suggested that such impaired motor plasticity is strongly associated with the loss of dopaminergic nigral cells and striatal fibers (Hsieh et al., 2015b). Thus, in the present study, the early intervention of brain stimulation was designed to induce superior neuroprotective effects and CES-induced motor functional changes in the PD rats.

Until now, the therapeutic effects and potential mechanisms of CES in the treatment of PD have remained unclear. The animal models may help provide greater insight into these mechanisms. In the histological results of IHC staining in the two groups, CES treatment could effectively reduce the degeneration level of TH-positive fibers and TH-positive cells. We also found that 6-OHDA-lesioned rats treated with CES for 4 weeks registered reductions in akinesia and gait disturbances. These results are consistent with the findings of a human study that demonstrated the effectiveness of CES in improving cognitive and motor function in patients with advanced PD (Fasano et al., 2008; Gutierrez et al., 2009; De Rose et al., 2012). Although the optimal stimulation parameters of CES remain unclear, a suitable animal model of the disease could help identify an effective stimulation protocol, including adjustment and optimization of frequency, polarity, and current level, allowing rapid screening and neurophysiological analysis in PD animal studies. Future research is still required to clarify the mechanisms underlying the effects of CES and explore and optimize CES protocols in PD.

Moreover, the western blot results verified the TH protein levels, indicating that long-term CES intervention might not only ameliorate the deterioration of motor behavior caused by 6-OHDA lesions but also promote the retention of more dopaminergic neurons under the threat of neurotoxin. Most motor functions were significantly well preserved after 3–4 weeks of CES treatment. Based our previous study, after 24 h of the 6-OHDA injection, the degeneration of dopaminergic neurons and striatum terminal was observed (Hsieh et al., 2011). Hence, combined with the histological and behavioral results, this study suggests that early (starting from directly after the appearance of PD lesions) and long-term (4-week) CES intervention may help mitigate the threat of neurodegeneration, maintain motor functions and reduce dopaminergic neuron death. Similar to our findings, earlier studies reported that rTMS could induce neuroprotective effects in stroke and brain injury animal models (Ljubisavljevic et al., 2015; Sasso et al., 2016). The neuroprotective effects on dopaminergic cells or fibers could be related to anti-inflammatory effects (e.g., tumor necrosis factor-alpha, TNF-α or cyclooxygenase-2, COX-2), upregulation of neurotrophic factor (e.g., brain-derived neurotrophic factor, BDNF; glial cell line-derived neurotrophic factor, GDNF) or reduction of astrogliosis and microglial activation (glial fibrillary acidic protein, GFAP; ionized calcium binding adaptor molecule 1, Iba-1) induced by long-term CES intervention (Yang et al., 2010; Lee et al., 2013; Sasso et al., 2016; Cacace et al., 2017). Because the exact mechanism underlying these effects remains unclear, further investigation is required to clarify these potential mechanisms underlying the neuroprotective effects of CES in PD.



CONCLUSION

This study provided a clearer picture of the progressive changes in PD-related symptoms with or without CES treatment and documented the efficacy of CES in ameliorating motor dysfunctions and inducing the neuroprotective effect of the dopaminergic system in a 6-OHDA-induced PD rat model. The long-term CES treatment model used in this study may help bridge the gap between animal and human studies of PD. Future research is still required to further clarify the underlying mechanisms, allowing improved CES protocols and more effective therapies in PD and other neurological diseases to be developed for humans.
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Working memory impairment is one of the remarkable cognitive dysfunctions induced by vascular dementia (VD), and it is necessary to explore an effective treatment. Recently, low-intensity focused ultrasound stimulation (LIFUS) has been found notable neuroprotective effects on some neurological diseases, including VD. However, whether it could ameliorate VD-induced working memory impairment was still not been clarified. The purpose of this study was to address this issue and the underlying mechanism. We established VD rat model using the bilateral common carotid artery occlusion (BCCAO) and applied the LIFUS (center frequency = 0.5 MHz; Ispta = 500 mW/cm2, 10 mins/day) to bilateral medial prefrontal cortex (mPFC) for 2 weeks since 2 weeks after the surgery. The main results showed that the LIFUS could significantly improve the performance of VD rats in the specific working memory tasks (delayed nonmatch-to-sample task and step-down task), which might be associated with the improved synaptic function. We also found the improvement in the cerebral blood flow (CBF) and reduced neuroinflammation in mPFC after LIFUS treatment indicated by the inhibition of Toll-like receptor (TLR4)/nuclear factor kappa B (NF-κB) pathway and the decrease of proinflammatory cytokines. The amelioration of CBF and neuroinflammation may promote the living environment of the neurons in VD which then contribute to the survival of neurons and the improvement in synaptic function. Taken together, our findings indicate that LIFUS targeted mPFC can effectively ameliorate reward-based spatial working memory and fear working memory dysfunctions induced by VD via restoring the living environment, survivability, and synaptic functions of the neurons in mPFC of VD rats. This study adds to the evidence that LIFUS could become a promising and non-invasive treatment strategy for the clinical treatment of central nervous system diseases related to cognitive impairments in the future.
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INTRODUCTION

Dementia is a common public health problem in the world with alarming increases in the prevalence. Additionally, the vascular dementia (VD) is a very frequent form of dementia only after Alzheimer’s disease (AD). The prevalence rises with age, with a risk of VD roughly doubling every 5.3 years (O’Brien and Thomas, 2015). However, unlike AD, no curative treatment is yet available for VD in clinic at present (O’Brien and Thomas, 2015; Eguchi et al., 2018). VD is a progressive disease caused by long-term chronic cerebral hypoperfusion (CCH). Cerebral ischemia is a critical cause of neuronal loss and synaptic disintegration. Recent evidence suggests that CCH is associated with systemic inflammation before neurological symptoms develop in VD (Poh et al., 2020). Neuroinflammation caused by cerebral ischemia could aggravate the damage of neurons (Wang et al., 2020). Both in clinical and in basic research, it has been found that VD affects many cognitive abilities including working memory (Venkat et al., 2015). Working memory is a crucial component of memory processes, and it is necessary for higher cognitive and executive functions, which include comprehension, language, learning, reasoning, and thinking (Baddeley, 2010; Riley and Constantinidis, 2015). Although it has been shown that working memory impairment is one of the remarkable symptoms after VD (Blom et al., 2019), there is still a lack of effective treatment methods for working memory impairment caused by VD. Therefore, there is an urgent need for novel and effective treatment strategies.

The prefrontal cortex (PFC) plays a critical role for resilient information maintenance during whole performing working memory tasks (Eriksson et al., 2015). In addition, the medial prefrontal cortex (mPFC), a subregion of PFC, is essential for cognitive process including working memory (Euston et al., 2012; Xu et al., 2019). Prior studies have found that the mPFC plays an important role in a variety of working memory processes, which include spatial working memory (Toepper et al., 2014; Hallock et al., 2016; Tamura et al., 2017), emotional working memory (Smith et al., 2018; Manelis et al., 2020), olfactory working memory (Liu et al., 2014; Nguyen et al., 2020), and tactile working memory (Esmaeili and Diamond, 2019). Therefore, mPFC may become a promising target for improving the working memory impairments caused by VD.

Non-invasive brain stimulation technologies have gradually played an important role in the researches of neuroscience and neurological diseases in recent decades. Low-intensity focused ultrasound stimulation (LIFUS), as an emerging non-invasive neuromodulation, has been rapidly developed with the advantage of excellent targeting, penetration depth, and spatial resolution (Yuan et al., 2021). Among previous animal reports, LIFUS has been proved to be useful in treating various neurological and psychiatric diseases such as ischemic brain injury (Guo et al., 2015; Li et al., 2017), depression (Zhang et al., 2019, 2021), and dementia (Huang et al., 2017; Eguchi et al., 2018; Bobola et al., 2020). Although low-intensity ultrasound therapy has been used to modulate cognitive impairments induced by VD, whether LIFUS targeting the mPFC could ameliorate the working memory impairment and the underlying mechanisms are still unknown. A series of previous studies have found that LIFUS could promote cerebral angiogenesis in rodents (Huang et al., 2017; Li et al., 2017; Eguchi et al., 2018). Meanwhile, chronic cerebral ischemia is one of the main pathogenic factors of VD. Therefore, promoting cerebral angiogenesis may be one of the mechanisms for LIFUS treating VD. Among several studies on therapeutic applications of LIFUS, it has been found that ultrasound stimulation can suppress the neuroinflammation induced by lipopolysaccharide (LPS) both in vivo and in vitro by modulation of Toll-like receptor (TLR4)/nuclear factor kappa B (NF-κB) pathway (Liu et al., 2017; Chen et al., 2019; Chang et al., 2020). Therefore, we hypothesized that the antiinflammatory effect of LIFUS may be one of the potential mechanisms for ameliorating the cognitive impairments induced by VD.

Thus, this study aims to explore the effects of LIFUS on working memory impairments induced by VD and the underlying mechanisms. Here, we first showed that LIFUS targeted mPFC could restore specific working memory dysfunctions induced by VD. Additionally, it could improve Nissl bodies expression and synaptic functions in mPFC of VD rats. Furthermore, the underlying mechanism may be that LIFUS could increase the CBF and inhibit the TLR4/NF-κB pathway. Overall, our findings reveal that the LIFUS targeted mPFC may be a potential therapeutic method in central nervous system diseases related to cognitive impairments.



MATERIALS AND METHODS


Animals

Twenty-five adult male Wistar rats (170–210 g) were purchased from Beijing Vital River Laboratory Animal Technology Co. Before the experiment, animals were housed five per cage and allowed to acclimate for 1 week. The house environment was controlled at 23°C ± 2°C and 5060% humidity with a 12-h light–dark cycle (with lights on and off at 20:00 and 8:00, respectively). Unless otherwise specified, rats could receive food and water ad libitum. All experiments’ procedures were carried out following the Animal Management Rules of the Ministry of Health of the People’s Republic of China and approved by the Animal Research Ethics Committee of Tianjin Hospital.



Vascular Dementia Model

The VD model was established by typical bilateral common carotid artery occlusion (BCCAO). Rats were fasted but free to water, 6 h before the surgery. Following that, rats were anesthetized using 10% chloral hydrate (350 mg/kg, i.p., Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China). After anesthesia, atropine (0.09 ml/kg, i.p., Shanghai full woo Biotechnology (Zhumadian)Co., Ltd., Shanghai, China) was used to inhibit salivary secretion. Then, the VD rats underwent the BCCAO surgery as previously published (Yang et al., 2017). First, a ventral midline incision was made in the neck and the muscle retracted on either side of the trachea to expose both the right and left common carotid arteries, around which loose threads were placed. Second, the vessel was fully ligated, and the wound was sutured. During the surgery, the rats were maintained normal respiratory tract and body temperature with a homeothermic monitoring system (RWD, Shenzhen, China). After the surgery, rats were injected flurbiprofen axetil (0.45 ml/kg, i.p., Beijing Tide Pharmaceutical Co., Ltd., Beijing, China) for postoperative analgesia. After coming to their senses, all rats were reared in the animal house and given free access to food and water.



Low-Intensity Focused Ultrasound Stimulation Procedure

The LIFUS system consists of (1) two function generators (DG4162 and DG822, RIGOL, Beijing, China), (2) a custom-designed radio frequency amplifier (SWA400A, North Star, Shijia zhuang, China), (3) a 0.5MHz single element immersion transducer (V318, Olympus, Tokyo, Japan), and (4) a custom-designed acoustic collimator (Zhang et al., 2019). The schematic diagram of LIFUS system is shown in Figure 1A. The LIFUS parameters used in this study were as follows (shown in Figure 1B): center frequency = 0.5 MHz; pulse repetition frequency (PRF) = 2.0 kHz; the number of cycles = 150 (0.3 ms tone burst duration, TBD); the sonication duration (SD) = 0.5 s; the interstimulus interval (ISI) = 2 s, and the spatial peak temporal average intensity (Ispta) = 500 mW/cm2. The targets of LIFUS are the bilateral mPFC. In addition, the LIFUS treatment was performed daily for 10 min on each side. During the LIFUS, all rats were mounted on the stereotaxic apparatus (RWD, Shenzhen, China) and anesthetized with 1% isoflurane (RWD, Shenzhen, China). Before applying the LIFUS, the hair on the bilateral mPFC was shaved. The other rats in either CON or VD groups underwent the same procedures including anesthesia but without LIFUS.
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FIGURE 1. (A) Illustration of LIFUS system. (B) Illustration of LIFUS parameters. (C) The timeline of the whole experiment. (D) Changes in body weight during the experiment (CON, n = 8; VD, n = 6; VD + LIFUS, n = 6). (E,F) The residence time at open arms (E) and entries into open arms in the OPT (CON, n = 8; VD, n = 6; VD + LIFUS, n = 6).




Experimental Procedure

First, twenty-five rats were randomly divided into control group (CON, n = 8) and VD model group (n = 17). The rats in VD model group received the BCCAO surgery and recovered for 2 weeks. Due to the survival rate of surgery being about 70%, twelve rats of the VD model group survived. Then, the survival rats were randomly divided into two subgroups, VD group (VD model rats without LIFUS, n = 6) and VD + LIFUS group (VD model rats with LIFUS treatment, n = 6). VD + LIFUS group was treated by LIFUS daily for 14 days starting after 2 weeks’ recovery whereas CON and VD groups with sham LIFUS. At the end of the LIFUS, the behavioral tests were performed to evaluate the effects of LIFUS on working memory. After all behavioral tests, the cerebral blood flow (CBF) was measured to examine the change of ischemia. In addition, the histological and western blotting analyses were performed to explore the underlying mechanisms. The experimental schedule is shown in Figure 1C.



Behavioral Tests

All behavioral tests were carried out in a dimly lit and quiet room and during the dark phase of the light–dark cycle. In every behavioral test, the equipment and the objects used were cleaned with 75% ethanol solution and water in order between each trial to eliminate odor cues.


Elevated-Plus Maze Task

A standard elevated-plus maze was used to assess the anxiety-associated behavior. When starting the test, rats were placed into the center square facing a same open arm and allowed to explore freely for 5 min. The activity track of each rat was recorded by Smart video tracking software (Panlab, Holliston, United States). The evaluation indexes were the number of entries into open arms and the percentage of residence time in the open arms.



Delayed Nonmatch-to-Sample Task

This test was performed to evaluate spatial working memory based on a reward using a standard Y maze equipment. The delayed nonmatch-to-sample task includes three periods: (1) adaptation period, (2) training period, and (3) testing period. In the 4 days’ adaptation period, all groups were restricted drinking water and could drink water for 2 h daily to maintain their water desire. Before the training period, rats underwent 3 days of habituation in the Y maze that they could visit three arms (all with 150 μl water) freely for 10 min. In the 2-day training period, only two arms (baited arms) were placed 150 μl water. The rats were forced to explore each baited arm in turn 30 min daily for reward. During the 4-day testing period, each rat underwent 10 trials per day. Each trial contained three stages. First, the rat was placed into the starting arm and forced into one of the baited arms randomly obtaining a 150 μl water reward (sample stage). Next, the rat returned the starting arm for a thirty-s delay stage. Then, both baited arms were accessible for the rat during the choice stage. But the rat could get a 150 μl water reward only when it chose the baited arm which was different from that during the sample stage and this trial was recorded as “correct.” The rat was immediately guided back to the starting arm waiting for next trial whether this trial was correct or not. The interval between the two trials was 60 s. The evaluation indexes were the correct rate and reaction time. The reaction time was defined as the time spent from start to choice point (30 cm away from the end of baited arms).



Novel Object Recognition Test

This test was performed to evaluate working memory of objects based on natural proclivity for exploring novelty. The task contained three periods: (1) habituation period, (2) familiarization period, and (3) testing period. During the habituation periods, the rats were allowed to explore the empty experimental box (60 cm × 60 cm) freely for habituation for 8 min. After 24 h, the rats were allowed to freely explore the box for 5 min with two identical objects placed in opposite corners during the familiarization period. One h later, the rats were placed in the same box again for the test period. During the test period, the rats were also allowed to freely explore the box for 5 min but one of the two familiar objects in the familiarization period was replaced with a novel object. Define exploration as touching or sniffing the object with the forepaws and/or nose. The exploration time of the familiar object (TF) and the novel object (TN) during the testing period was recorded. The discrimination ratio was calculated as TN/(TN + TF).



Step-Down Task

This test was performed to evaluate fear working memory based on the fear environment using a step-down reaction box. The bottom of the step-down reaction box is made of parallel stainless-steel bars that can apply electrical stimulation to create a fearful environment for rats. In addition, an insulated platform is placed at the corner of the box. The task also includes three periods: (1) adaptation period, (2) training period, and (3) testing period. In the adaptation period, the rats were allowed to explore the step-down reaction box freely for 5 min without electrical stimulation. The training period was performed after 24 h. During the training period, the rats were placed on the platform in the reaction box. When the rats jumped off the platform, a 0.4 mA electrical stimulation would be applied continuously at an interval of 2 s until the rat jumps on the platform. If one rat could not jump on the platform within 90 s, this rat would be regarded as failed. After 90 min, the rats were placed on the platform again without electrical stimulation. The duration time of test period was 3 min, and the latency of rats jumping off the platform was recorded. Define jumping off the platform as all four claws leaving the platform. The evaluation indexes were the latency to step-down, time on the platform, and the number of down the platform.




Laser Speckle Contrast Imaging

At the end of all behavioral tests, the laser speckle contrast imaging (LSCI) was carried out to measure CBF by a commercial laser speckle blood flow imager (RFLSI Pro, RWD, Shenzhen, China). To measure the CBF, the rats were mounted on the stereotaxic apparatus (RWD, Shenzhen, China) under anesthesia with 1% isoflurane. The scalp was cut along the midline to expose the skull after shaving the hair. The tissues on the surface of skull were cleaned carefully (Li et al., 2017). Then, using a skull drill (RWD, Shenzhen, China) slowly thinned a 6 mm × 10 mm rectangular cranial window (centered at 1 mm posterior to the bregma). The skull was thinned until the cortical blood vessels were clearly visible. During the whole process, the normal saline was used to cool the skull avoiding brain tissue damaged by excessive temperature. Then, the position of the skull window was placed under the laser speckle imager for laser speckle imaging. The evaluation indexes were the number of vascular branches and the blood flow of the main vein.



Histological Analysis

In the histological analysis, hematoxylin–eosin staining (HE) was used to detect the morphological changes of neurons in PFC of rats (each group, n = 2). The Nissl staining was used to detect the density of Nissl body in rats PFC (each group, n = 2). The changes of morphology and density of dendritic spines were measured by the Golgi-cox staining (CON, n = 6; VD, n = 4; VD + LIFUS, n = 4). After the LSCI, all the rats were sacrificed with urethane and perfused with 0.1 M phosphate buffer saline (PBS, pH = 7.4) immediately. For Golgi-cox staining, the brains of rats were removed into the Golgi-cox solution right now. After 12 days, the PFC was sectioned into 150-μm thick slices in coronal plane with an oscillating microtome (Leica VT1200S, Germany). In addition, spine counting was carried out in a single dendrite in each neuron. The dendritic spines were classified into four different types: thin, mushroom, stubby, and branched. The total density of dendritic spines was expressed as the mean of dendritic spines in per unit length. On the other hand, the quantification of dendritic spines according to shape was expressed as a ratio in relation to total dendritic spines (i.e., number of spines of a given shape/total number of spines in each dendrite) (Risher et al., 2014; Bello-Medina et al., 2016). In addition, the rats for HE and Nissl staining were perfused with freshly prepared 4% paraformaldehyde in PBS immediately after PBS perfusion. Then, the brains were embedded in OCT compound (Tissue-Tek, Miles) at −20°C. Later, the PFC was sectioned into 15-μm thick slices in coronal plane with by Cryostat Microtome (Leica CM1860UV, Germany).



Western Blotting Analysis

After the above test, the other rats were also sacrificed and perfused with PBS, and their mPFC was removed at 0°C and stored at −80°C. The procedure of western blotting analysis was described as previously published (Wang et al., 2018). The primary antibodies used in this study included the following: (1) inflammatory protein: anti-TLR4 (1:1000, Wanleibio, WL00196), anti-JNK (1:1000, Wanleibio, WL01295), anti-p-JNK (1:1000, CST, 4668), anti-NF-κB (1:1000, Abcam, ab16502), anti-IL-6 (1:1000, Wanleibio, WL02841); (2) synaptic functional protein: anti-SYP (1:2000, Abcam, ab32594), anti-NR2B (1:1000, Abcam, ab65783) and PSD95 (1:2000, GeneTex, GTX133091), anti-CaMKII (1:1000, Abcam, ab134041); (3) anti-GAPDH (1:1000, GeneTex, GTX627408). The secondary antibodies used in this study included (1) rabbit IgG antibody (HRP) (1:5000, GeneTex, GTX213110-01); (2) mouse IgG antibody (HRP) (1:5000, GeneTex, GTX213111-01).



Statistical Analysis

All data were analyzed by IBM SPSS Statistics 20 software. The results of rats’ weight and delayed nonmatch-to-sample task were analyzed using repeated measures ANOVA. The other results were all analyzed by one-way ANOVA. LSD multiple-comparison test was performed for comparisons between groups. Data are expressed as the average ± standard error of the mean (SEM). The value of p < 0.05 is considered to be significant.




RESULTS


Low-Intensity Focused Ultrasound Stimulation Ameliorates Working Memory Dysfunctions Induced by Vascular Dementia

To verify whether LIFUS could cause adverse reactions in rats, we tested the weight changes in the rats during the experiment and detected the anxiety-like behavior of rats through the elevated-plus maze task. The result of weight changes showed that during the whole experiment, the weight of the three groups showed a similar increasing trend, and there was no statistical difference among the three groups (Figure 1D). At the same time, the results of elevated-plus maze task showed no significant difference among the three groups, which indicates that VD modeling and LIFUS process did not induce anxiety behavior in rats (Figures 1E,F). In addition, we tested the performance of rats in different working memory tasks to verify the effect of LIFUS on working memory impairments in VD rats. The results of different working memory tasks showed that LIFUS significantly improved the performance of working memory tasks in VD rats, which includes the delayed nonmatch-to-sample task and step-down task (Figure 2). In the delayed nonmatch-to-sample task, the response time gradually decreased with the increase of training times, and there was significant difference among the three groups (repeated measures ANOVA, F(2, 16) = 5.196, p = 0.018). Compared with CON group, the response time of VD group was significantly longer (p = 0.005) (Figure 2A). On the 2nd day, the response time of VD group was longer than that in the other groups (one-way ANOVA, F(2,16) = 4.908, p = 0.022; CON vs. VD: p < 0.01; VD vs. VD + LIFUS: p < 0.05) (Figure 2C). On the 4th day, the response time of both VD and VD + LIFUS group was longer than that in the CON group (p < 0.05) (Figure 2D). Moreover, the increasing trend of correct rate with the increase of training times was similar among the three groups, and no significant difference was found (Figure 2B). However, on the 4th day, the VD group had a significantly poor performance on making the right choice than other groups (one-way ANOVA, F(2,16) = 6.063, p = 0.011; CON vs. VD: p < 0.01; VD vs. VD + LIFUS: p < 0.05) (Figure 2E). The results of step-down task also showed the LIFUS improved the working memory impairment induced by VD. The VD group had a poor performance in step-down task that the latency of VD group was significantly shorter than CON group, whereas performance of VD + LIFUS group was reversed (one-way ANOVA,F(2,16) = 4.672,p = 0.025; CON vs. VD: p < 0.05; VD vs. VD + LIFUS: p < 0.05) (Figure 2F). There were no significant differences in other indicators of step-down task (Figures 2G,H), nor in the novel object recognition test (Figure 2I). Taken together, these results of behavioral tests suggest that LIFUS can significantly ameliorate working memory dysfunctions induced by VD without inducing adverse reactions such as weight loss and anxiety-like behavior.


[image: image]

FIGURE 2. Effect of LIFUS on working memory dysfunctions in the VD rats. (A–E) The average response time of 4-day task (A), average accuracy of 4-day task (B), average reaction time on day 2 (C), average reaction time on day 4 (D), and average correct rate on day 4 (E) in the delayed nonmatch-to-sample task (CON, n = 8; VD, n = 5; VD + LIFUS, n = 6). (F–H) The latency of the step-down (F), time on the platform (G), and number of down the platform (H) in the step-down task (CON, n = 8; VD, n = 5; VD + LIFUS, n = 6). (I) The discrimination ratio for new objects during the test period 1–5 min in the novel object recognition test. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01 (CON, n = 8; VD, n = 6; VD + LIFUS, n = 6).




Low-Intensity Focused Ultrasound Stimulation Increases Cerebral Blood Flow in the Vascular Dementia Rats

The CBF was measured to test the effect of LIFUS on global cerebral ischemia in VD rats. The results are shown in the Figure 3. Figure 3A shows the typical CBF imaging of three groups. There were abundant vascular branches in CON and VD + LIFUS group, not VD group. The statistical results of the blood flow of the main vein and number of vascular branches are shown in the Figures 3B,C, respectively. Although there was difference in blood flow of the main vein among three groups, they were not significant (Figure 3B). Compared with CON and VD + LIFUS group, the number of vascular branches in VD groups decreased significantly (one-way ANOVA, F (2, 15) = 4.420, p = 0.031; CON vs. VD: p < 0.05; VD vs. VD + LIFUS: p < 0.05) (Figure 3C). These results indicate that LIFUS targeting the mPFC can increase global CBF in VD rats and suggest that the improvements of working memory in VD rats by the LIFUS may be associated with increased vascular branches and blood flow.
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FIGURE 3. Effect of LIFUS on blood flow in VD rats. (A) Typical diagrams of brain flow in the region of interest in three groups. (B) The average blood flow of main vein. (C) The number of vascular branches. Data are expressed as mean ± SEM. *p < 0.05 (CON, VD, VD + LIFUS, n = 6).




Low-Intensity Focused Ultrasound Stimulation Improves the Survivability of the Neurons and Ability of Protein Synthesis in the Vascular Dementia Rats

The HE was performed to test the effect of LIFUS on the morphological changes of neurons in the rats. The number of nucleus in the PFC of VD group significantly reduced, and the arrangement of neurons was loosen and pyknosis appeared compared with CON group, whereas these were all reversed after LIFUS (Figure 4A). In addition, to evaluate the effects on protein synthesis of neurons in the PFC after ultrasound treatment, we observed the Nissl body expression in different groups. The Figure 4B shows the typical expression of Nissl bodies in PFC of the three groups. We can observe that compared with the other groups, the distribution of Nissl bodies in VD group was looser. Additionally statistically, the number of Nissl bodies in VD group was significantly decreased (one-way ANOVA, F(2,45) = 9.318, p < 0.001; CON vs. VD: p < 0.001; VD vs. VD + LIFUS, p = 0.002) (Figure 4C). The above results show that the LIFUS can enhance the survival ability and protein synthesis ability of neurons in PFC of VD rats.
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FIGURE 4. Effect of LIFUS on the morphological changes of the neurons and ability of protein synthesis in the VD rats. (A) Typical diagrams of HE in three groups. (B) Typical diagrams of Nissl staining in three groups. (C) The statistical results of the number of Nissl bodies. Data are expressed as mean ± SEM. **p < 0.01, ***p < 0.001 (CON, VD, VD + LIFUS, n = 2).




Low-Intensity Focused Ultrasound Stimulation Enhances the Density of Dendritic Spines and Expression of Synaptic Proteins in the Vascular Dementia Rats

Next, we examined the effects of LIFUS on synaptic structure and expression of synaptic proteins. The typical examples of expression of dendritic spines in the PFC of the three groups showed that the density of dendritic spines in VD group was less than that in CON and VD + LIFUS group (Figure 5A). This point was further proved by the statistical results (one-way ANOVA, F(2,102) = 20.311, p < 0.001; CON vs. VD, p < 0.001; VD vs. VD + LIFUS, p < 0.001) (Figure 5B). By analyzing the proportion of various subtypes of dendritic spines, we found that the proportion of mushroom type, not other subtypes, in VD group was significantly lower than other two groups (one-way ANOVA, F(2,102) = 3.907, p = 0.023; CON vs. VD, p = 0.022; VD vs. VD + LIFUS, p = 0.015) (Figures 5C–F). The Figures 6A–D show the statistical results of synaptic protein expression levels. Compared with CON group, the expression of NR2B, PSD-95, and CaMKII decreased in VD group without statistical difference. Moreover, the expression of NR2B, PSD-95, CaMKII, and SYP was increased in VD + LIFUS group, and there was significant difference between NR2B and SYP (NR2B: F(2,101) = 7.521, p = 0.001, CON vs. VD + LIFUS, p < 0.05; SYP: F(2,101) = 7.194, p = 0.001, CON vs. VD + LIFUS, p < 0.001). In addition, the expression of NR2B, CaMKII, and SYP in VD + LIFUS group was increased significantly than those in VD group (NR2B: F(2,101) = 7.521, p = 0.001, VD vs. VD + LIFUS, p < 0.001; CaMKII: F(2,101) = 3.738, p = 0.031, VD vs. VD + LIFUS, p < 0.05; SYP: F(2,101) = 7.194, p = 0.001, VD vs. VD + LIFUS, p = 0.007). The above results show that the LIFUS can increase the density of dendritic spines and the proportion of mushroom shaped dendritic spines and improve the expression of synaptic proteins in the mPFC of VD rats.
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FIGURE 5. Effect of LIFUS on the density of dendritic spines. (A) Typical diagrams of Golgi-cox staining in three groups. (B) The spine density in three groups. (C–F) The percentage of the mushroom shaped spines, thin shaped spines, stubby shaped spines, and branched shaped spines. Data are expressed as mean ± SEM. *p < 0.05, *** p < 0.001 (CON, n = 6; VD, n = 4; VD + LIFUS, n = 4).
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FIGURE 6. Effect of LIFUS on the expression of synaptic proteins. (A–D) The expression of NR2B, SYP, PSD-95, and CaMKII. Data are expressed as mean ± SEM. *p < 0.05, *** p < 0.001 (CON, n = 6; VD, n = 4; VD + LIFUS, n = 4).




Low-Intensity Focused Ultrasound Stimulation Inhibits the TLR4/NF-κB Pathway and Decreases Proinflammatory Cytokines in the Vascular Dementia Rats

After that, we detected whether the TLR4/NF-κB pathway and proinflammatory cytokines were involved the improvements of working memory in VD rats by the LIFUS. As shown in Figures 7A–F, the protein expression levels of TLR4, JNK, NF-κB, and the proinflammatory IL-6 in mPFC of VD group were significantly increased compared with these in CON group (TLR4: F(2,151) = 10.404, p < 0.001, CON vs. VD, p < 0.001; JNK: F(2,136) = 19.521, p < 0.001, CON vs. VD, p < 0.001; NF-κB: F(2,178) = 10.167, p < 0.001, CON vs. VD, p < 0.001; IL-6: F(2,169) = 9.130, p < 0.001, CON vs. VD, p < 0.05). Meanwhile, the LIFUS significantly inhibited the expression of these proteins in mPFC (TLR4: VD vs. VD + LIFUS, p < 0.001; JNK: VD vs. VD + LIFUS, p < 0.001; NF-κB: VD vs. VD + LIFUS, p < 0.001; IL-6: VD vs. VD + LIFUS, p < 0.001). However, the p-JNK and ratio of p-JNK/JNK in VD + LIFUS group were significantly higher than the other group (p-JNK: F(2,117) = 10.404, p < 0.001, CON vs. VD + LIFUS, p < 0.001, VD vs. VD + LIFUS, p < 0.05; p-JNK/JNK: F(2,117) = 19.521, p < 0.001, CON vs. VD + LIFUS, p < 0.001, VD vs. VD + LIFUS, p < 0.001) (Figures 7A–F). The above results show that the LIFUS can decrease proinflammatory cytokines, such as IL-6, by inhibiting the TLR4/NF-κB pathway in the VD rats.
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FIGURE 7. Effect of LIFUS on the expression of neuroinflammatory related proteins. (A–F) The expression of TLR4, NF-κB, IL-6, JNK, p-JNK, and ratio of p-JNK/JNK. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (CON, n = 6; VD, n = 4; VD + LIFUS, n = 4).





DISCUSSION

In this study, we first provides the experimental evidence that LIFUS, targeting the mPFC, markedly improves specific working memory impairments in VD rats. Furthermore, our results support the hypotheses that promoting CBF and antiinflammatory may be the potential mechanisms for ameliorating the cognitive impairments induced by VD.

There is extensive research on ultrasound stimulation treating the cognitive impairments in different animal models (Huang et al., 2017; Eguchi et al., 2018; Chen et al., 2019). These researches suggested that LIFUS could affect the different cognitive functions while stimulating different brain regions involved in different cognitive processes. Therefore, the targeted brain region is one of the key factors that affect the efficacy of LIFUS. It has been recognized that mPFC is essential for social, affective functions and cognitive process including working memory (Etkin et al., 2011; Euston et al., 2012; Hiser and Koenigs, 2018; Xu et al., 2019). Meanwhile, excitation of the PFC using brain stimulation technology, such as transcranial current stimulation, optogenetic and chemogenetic neuromodulation, can regulate the working memory via modulating the neural activities and neural oscillations in the PFC (Alekseichuk et al., 2016; Abbas et al., 2018; Nagai et al., 2020; Upright and Baxter, 2020). Thus, mPFC might be an effective targeted brain region, which we focused in this study to investigate the neural modulation function of LIFUS. However, it was still not clear the specific action of LIFUS under our experimental condition. Therefore, three kinds of behavioral tasks were carried out to evaluate the different types working memory. Interestingly, we found that LIFUS could affect the reward-based spatial working memory and fear working memory task but not object recognition memory. We speculated that it might be associated with the decision-making on risk and reward function of mPFC (Der-Avakian and Markou, 2012; Euston et al., 2012; Pitts et al., 2016; Hiser and Koenigs, 2018; Murray and Rudebeck, 2018) and negative emotion including fear as well (Etkin et al., 2011; Euston et al., 2012; Giustino and Maren, 2015; Hiser and Koenigs, 2018). These functions of mPFC are believed to rely on the neural activities and neural oscillations during distinct task processes (Der-Avakian and Markou, 2012; Eriksson et al., 2015; Giustino and Maren, 2015; Riley and Constantinidis, 2015; Murray and Rudebeck, 2018). Additionally, a series of studies found that ultrasound stimulation, including focused ultrasound and transcranial pulsed ultrasound stimulation, could stimulate intact brain circuits and modulate the neuronal oscillations (Tufail et al., 2010; Yuan et al., 2016a,b). So, we believe that the improvements in specific working memory impairments may be due to the regulation of neural oscillations in mPFC by LIFUS, although this needs to be verified in the subsequent experiments.

As discussed above, changes in neural activities and neural oscillations could affect working memory. The origin of them thus become important as well which depend on synaptic function. So, we evaluated the changes of synaptic function by analyzing the synaptic structure and synaptic protein (Wang et al., 2013). In previous study, it has been reported that the LIFUS could modulate structural and functional synaptic plasticity in rat hippocampus by increasing the density of dendritic spines and the expression level of GluN2A (Huang et al., 2019). Consistent with previous results, we found that the LIFUS not only improved the density of dendritic spines and the expression of synaptic proteins, including the NR2B, PSD-95, CaMKII, and SYP, but also improved the ability of protein synthesis in the mPFC of VD rats. Hence, we believed that the improvements in synaptic structure and synaptic protein contributed to facilitate neural activity in mPFC, thereby improving cognitive behavior.

Then, how LIFUS could improve synaptic function? Previous studies have demonstrated that angiogenesis and antiinflammation may be the two neuroprotection effects activated by the ultrasound stimulation (Kim et al., 2017; Li et al., 2017; Liu et al., 2017; Eguchi et al., 2018; Chen et al., 2019; Chang et al., 2020). Several experiments suggested that LIFUS could lead to angiogenesis in VD and cerebral ischemia rodents, thereby promoting the survival of neurons (Li et al., 2017; Eguchi et al., 2018). On the other hand, a serious of studies found that ultrasound stimulation suppresses LPS-induced proinflammatory responses by regulating TLR4/NF-κB pathway and release of proinflammatory cytokines in vivo and in vitro (Liu et al., 2017; Chen et al., 2019; Chang et al., 2020). Therefore, we explored the underlying mechanism from CBF and neuroinflammation, respectively. Our results about CBF and neuroinflammation were in agreement with those of previous studies. On the one hand, we found that LIFUS increased vascular branches and blood flow in mPFC, which is consistent with previous results. Hence, the alleviated hemodynamic compromise and the improved CBF observed in this study should be one mechanism of LIFUS treating the VD. On the other hand, the past findings are consistent with our results that the expressions of TLR4, NF-κB, and IL-6 decreased significantly after LIFUS treatment. Hence, antiinflammation may be another neuroprotection mechanism of LIFUS treating the VD. However, there is a difference that p-JNK expression was significantly increased after LIFUS treatment. This disparity may be due to the reason that JNK, the activities of which are stimulated by many physiological, pathological, and environmental cues, are involved in diverse and sometimes even opposing cell functions (Xia and Karin, 2004). The previous studies have found that the significant upregulation of p-JNK2 could enhance the proliferation and neuronal differentiation of rat embryonic neural stem cells (Jiao et al., 2017). Additionally, the ischemia –hypoxia could activate JNK signaling and results in proliferation of neural stem cells (Chen et al., 2010; Cai et al., 2014). Meanwhile, ultrasound stimulation has been found to promote the proliferation of HaCaT keratinocytes, osteoblasts, and human chondrocyte cell by activating JNK (Choi et al., 2007; Chiu et al., 2008; Leng et al., 2018). LIFUS used in this study may be induced the proliferation of neural cells via activating JNK, although the exact mechanisms and pathways remain to be investigated.

Overall, as shown in Figure 8, we demonstrated that LIFUS treatment significantly ameliorated the reward and fear-based working memory dysfunctions, the survivability of the neurons, and synaptic functions in VD rats. These beneficial effects of LIFUS might be due to the increase in the CBF and inhibit the TLR4/NF-κB pathway. Our findings indicated that LIFUS could be a novel therapeutic technique for the treatment of central nervous system diseases related to cognitive impairments.
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FIGURE 8. Schematic diagram of the potential mechanism involved in LIFUS treating the working memory disorders induced by VD.
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Transcranial alternating current stimulation (tACS) can influence cognitive functions by modulating brain oscillations. However, results regarding the effectiveness of tACS in regulating cognitive performance have been inconsistent. In the present study, we aimed to find electroencephalogram (EEG) characteristics associated with the improvements in working memory performance, to select tACS stimulus targets and frequency based on this feature, and to explore effects of selected stimulus on verbal working memory. To achieve this goal, we first investigated the EEG characteristics associated with improvements in working memory performance with the aid of EEG analyses and machine learning techniques. These analyses suggested that 8 Hz activity in the prefrontal region was related to accuracy in the verbal working memory task. The tACS stimulus target and pattern were then selected based on the EEG feature. Finally, the selected tACS frequency (8 Hz tACS in the prefrontal region) was applied to modulate working memory. Such modulation resulted significantly greater improvements, compared with 40 Hz and sham modulations (especially for participants with weak verbal working memory). In conclusion, using EEG features related to positive behavioral changes to select brain regions and stimulation patterns for tACS is an effective intervention for improving working memory. Our results contribute to the groundwork for future tACS closed-loop interventions for cognitive deterioration.

Keywords: electroencephalogram, transcranial alternating current stimulation, working memory, filter bank common spatial pattern, theta oscillations


INTRODUCTION

Over the past few decades, the development of non-invasive brain stimulation (NIBS) techniques has provided a new and effective approach to modulate memory for both researchers and clinicians (Rombouts et al., 2005; Reinhart and Nguyen, 2019; Misselhorn et al., 2020; Benussi et al., 2021; Grover et al., 2021). Among NIBS techniques, transcranial alternating current stimulation (tACS) can alter specific frequencies of brain oscillations in predefined brain regions and further modulate human cognition (Zaehle et al., 2010; Vosskuhl et al., 2015; Riddle et al., 2021). Working memory deterioration is a key feature of cognitive decline in old age (Li et al., 2001). Although some researchers have proposed that NIBS can help to regulate memory and attenuate age-related cognitive decline (Reinhart and Nguyen, 2019; Klink et al., 2020; Krebs et al., 2021), results regarding the effectiveness of tACS in regulating working memory performance have been inconsistent. Given that verbal and visual working memory involve different cognitive structures, these inconsistencies may have been due to improper selection of stimulation targets and parameters. Therefore, in the current study, we want to select tACS stimulus targets and frequency based on the electroencephalogram (EEG) characteristics associated with improvements in verbal working memory, and to explore the effect of selected stimulus on verbal working memory.

Several studies have indicated that theta and gamma tACS can improve verbal working memory. Based on the positive association between gamma band activity and task performance reported in previous studies, Hoy et al. (2015) applied 40 Hz tACS to the F3-contralateral supraorbital area in 18 healthy participants. Participants underwent 20 min of tES (40 Hz or sham) while completing a verbal two-back task, as well as two-back and three-back tasks before and after tACS. Compared with sham-tACS and transcranial direct current stimulation (tDCS), 40 Hz tACS resulted in increased performance in terms of d prime (an accuracy discriminability index). Biel et al. (2021) also recently reported that frontoparietal in-phase and in-phase focal theta tACS substantially improved verbal three-back task performance when compared with placebo stimulation.

However, some studies have reported that tACS was not effective or was only effective in a limited number of people for verbal working memory. For example, Pahor and Jaušovec (2018) applied tACS over many regions (F3-F4, F3-P3, F4-P4, and P3-P4) in healthy adults to investigate working memory using two-back and three-back tasks. The rationale of the electrode montage and frequency band was based on previous correlational research, which showed that frontotemporal theta and gamma frequency bands are involved in working memory. Nevertheless, only theta-tACS improved performance on the three-back task in the F4-P4 region. In an earlier study, Vosskuhl et al. (2015) applied individual theta frequency stimulation at Pz-FPz. When compared with sham stimulation, tACS was associated with improved short-term memory performance. However, there was no significant difference in improvements on the verbal three-back task between tACS and sham stimulation. Abellaneda-Pérez et al. (2021) further compared the effects of tDCS and 6-Hz tACS applied at F3-FP2 in healthy participants, reporting no significant difference in verbal n-back task performance among the experimental groups (sham, tDCS, and tACS), but they observed that tDCS and tACS exert different modulatory effects on fMRI-derived network dynamics.

In the abovementioned studies, stimulation targeted the prefrontal, frontal, and parietal lobes using theta and gamma frequencies. In NIBS studies, specific targets and parameters for stimulation are usually selected in the following two ways: (a) frequency bands and regions are determined based on previously reported findings regarding their association with verbal working memory or (b) the parameters are simply selected based on those used in previous studies. While these methods have been somewhat successful, there is no guarantee that each combination of parameters will regulate working memory.

We hypothesized that after identifying the brain regions and frequency bands associated with working memory, further exploration of changes in EEG activity that correspond to positive behavioral changes can help to improve the effectiveness of tACS by enabling researchers to set stimulation targets and parameters based on such EEG activity. Repeated assessments of verbal working memory and EEG activity may therefore help to elucidate the electrophysiological features that vary with improvements in behavioral performance. To test this hypothesis, we conducted two experiments that mainly focused on working memory. Experiment 1 was an EEG study, wherein participants completed three n-back tasks, and the electrophysiological features related to improvements in working memory were extracted. In Experiment 2, the participants were divided into three groups and received different frequencies of online tACS: the frequency in group 1 was the evident band in Experiment 1, the frequency in group 2 was the non-evident band in Experiment 1, and group 3 was the sham group. The results of the comparison between group 1 and the other groups can answer the research question.



EXPERIMENT 1: ELECTROENCEPHALOGRAM FEATURES RELATED TO PERFORMANCE


Materials and Methods


Participants

A total of 35 healthy adults aged 22–26 years of age participated in Experiment 1. All participants had normal or corrected-to-normal vision and were right-handed.

In Experiment 1, ten participants were excluded because they did not complete the experiment and 25 participants (five females; mean age 23.76 ± 1.14 years) were included in the analyses.

When analyzing the results of Experiment 1, we considered that some volunteers would exhibit naturally high performance on the verbal working memory task, leading to a ceiling effect over multiple measurements that may impede identification of the EEG characteristics associated with improvements in performance. We also considered that individuals with high and low levels of verbal working memory ability may exhibit differences in EEG activity and that the same tES parameter may exert different modulatory effects in each group (Daffner et al., 2011; Tseng et al., 2012). For the behavioral analyses, participants were divided into two groups based on their performance in block 1. The grouping method was selected in reference to previous studies (Daffner et al., 2011; Tseng et al., 2012). The scores of the three-back and four-back tasks were summed. The participants who scored lower than the median scores were assigned to the low-performance (LP) group, while those who scored higher than the median scores were assigned to the high-performance (HP) group. Following grouping, four participants were excluded due to extreme values [target accuracy (target-ACC) or reaction time (RT) exceeding two standard deviations from the mean]. The final LP and HP groups included nine and 12 participants, respectively.

For the EEG analyses, two participants were excluded because they had not sufficient number of good quality EEG trials after artifact removal (LP group: n = 8; HP group: n = 11).

This study was approved by the Ethics Committee of the Shenzhen Institute of Advanced Technology. The experimental procedures conformed to the principles of the Declaration of Helsinki regarding human experimentation. All participants provided oral consent, signed informed consent documents, and received 270RMB for their participation.



Experimental Design and Schedule

In Experiment 1, all subjects received the same treatment. Participants were required to visit the laboratory twice to complete three n-back tasks (blocks 1, 2, and 3). On day 1, participants performed the block 1 n-back task. After 1 week, the subjects returned to the laboratory and completed blocks 2 and 3. There was a 10 min break between blocks 2 and 3. In each task, task-state EEG data were recorded.



N-Back Task

Kirchner (1958) first proposed the n-back task. Subsequently, the n-back task has been widely employed to investigate and measure working memory. In Experiment 1, we employed the two-back task as an exercise, and the three-back and four-back tasks to measure the working memory performance of volunteers. As illustrated in Figure 1, in n-back task (e.g., two-back task), each trial started with a stimulus consisting of an uppercase letter presented for 2 s, followed by a fixation “+” for 0.5 s. After the n-th trial (e.g., second in the two-back task), participants were required to determine whether the current letter was the same as the previous n-th letter (e.g., second in the two-back task). If they were the same, the participants were required to press the “match” button, and the current trial was defined as a target trial. Otherwise, the participants pressed the “non-match” button, and the current trial was defined as a non-target trial. The accuracy of the target trials is defined as “target-ACC.” For each trial, participants had 2.5 s to respond and were instructed to press the button as quickly as possible. The instructions were similar in the three-back and four-back tasks.


[image: image]

FIGURE 1. Illustration of the two-back task paradigm in this study. For the first two letters, participants were not required to press buttons, but keep the letters in their mind instead. Subsequently, for each letter, participants were required to determine whether the current letter was the same as the previous second letter. In this case, the third letter should be compared with the first (“E” vs. “A”: non-match) and the fourth should be compared with the second one (“D” vs. “D”: match).


Each load condition (three-back and four-back) had one sequence of 60 + n trials. Each sequence consisted of 20 trials for targets and 40 trials for non-targets. To help participants understand the n-back task requirements, practice trials were provided for each task. Each n-back task took 10–15 min to complete. The paradigms were programmed in MATLAB using PsychToolbox (Brainard, 1997; Pelli, 1997).



Electrophysiological Recordings

The EEG was recorded during each n-back task with an online reference against the CPz electrode using a 64-channel wireless EEG amplifier with a sampling rate of 1,000 Hz (NeuSen. W64, Neuracle, Changzhou, China). The ground electrode was located on the forehead (between the FPz and Fz electrodes). Electrode impedances were maintained at <5 kΩ.



Initial Electroencephalogram Analysis

Initial EEG analysis includes two steps: (a) EEG signal preprocessing to remove artifacts and to improve the reliability of data and; (b) preliminary exploration of brain regions and frequency bands with the activity corresponding to improvements in performance.

For EEG signal preprocessing, all data were analyzed using EEGLAB version 13.0.0b running in MATLAB (The MathWorks, Untied States). Only correctly responded trials were used in the analysis. Preprocessing steps included filtering (1–48 Hz), epoching (1,000 ms before and 1,500 ms after stimulus onset), baseline correction (500 ms before stimulus onset), and large artifact removal. Ocular artifacts were removed from the independent component analysis (ICA) results. The EEG data were then average-referenced. Finally, epochs that contained signals >100 μV from baseline were rejected.

In the second step, we used the function pop_newtimef (Arnaud Delorme, CNL/Salk Institute; Delorme and Makeig, 2004) in EEGLAB for time-frequency analysis to compare the changes of EEG activity between block 1 and block 3. The number of cycles in each [30.5] (It means that the wavelet used to measure the amount and phase of the data in each successive, overlapping time window will begin with a 3-cycle wavelet (with a Hanning-tapered window applied). The ‘0.5’ here means that the number of cycles in the wavelets used for higher frequencies will continue to expand slowly, reaching 50% (1 minus 0.5) of the number of cycles in the equivalent FFT window at its highest frequency. This controls the shapes of the individual time/frequency windows measured by the function and their shapes in the resulting time/frequency panes.), analysis wavelet was (30.5), the padratio was 2, and the window length was 350 ms. Meanwhile, the filter bank common spatial pattern (FBCSP) was used to explore spatio-frequency modes corresponding to improvements in performance.

Filter bank common spatial pattern is a machine learning approach used to extract the optimal spatial features from different frequency bands (Ang et al., 2008). The original FBCSP algorithm consists of four steps: (1) band filtering, (2) spatial filtering, (3) mutual information (MI)-based feature selection, and (4) classification. MI is a useful statistical measure that can be used to quantify the relationship between variables (Timme and Lapish, 2018). Here, we dropped the classification step. Instead, we focused on the spatio-frequency modes (i.e., the brain regions and frequency bands) of the selected features. Figure 2 illustrates the workflow. To begin this process, FIR band-pass filters were employed to filter the EEG signals into three frequency bands: theta(4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz). Ei, q ∈ ℝC×T denotes the i-th trial of the q-th frequency band EEG. In the spatial filtering step, we first calculated a spatial filter Wi,q for each frequency band using the CSP algorithm (Pfurtscheller and Neuper, 2001; Blankertz et al., 2007). Notably, [image: image] is the spatial distribution pattern of EEG signals. The spatial filter Wi,q was then applied to the EEG matrix Ei,q,

[image: image]

where the projected EEG matrix is Zi, q ∈ ℝC×T. We selected the m first and rows of Zi,q to maximize the variation for one class while minimizing the variance for the other class. The normalized feature vector [image: image] was then computed as follows:

[image: image]
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FIGURE 2. The workflow of filter bank common spatial pattern-based spatio-frequency mode selection. We first filtered the raw electroencephalogram into three frequency bands and then performed spatial filtering to obtain the common spatial pattern (CSP) features. Based on the mutual information, we selected the two most discriminate features and determined their associated spatio-frequency modes.


In the third step, the MI-based feature selection method was adopted to find the spatio-frequency modes containing the most discriminating features (Battiti, 1994). We defined the binary labels set as l ∈ L = {0,1}, where label 0 is for the lower-capacity subjects and label 1 is for the higher-capacity subjects. The MI [image: image] (MI-value) was defined as (Cover, 1999):

[image: image]

where the entropy for the T-dimensional feature vector [image: image] is

[image: image]

and the conditional entropy for the random variable [image: image] and L is

[image: image]

We selected the top two largest MI values for each n-back test. The corresponding brain regions and frequency bands were considered the most important spatio-frequency modes for n-back performance discrimination.



Graph Convolutional Neural Network

We adapted the original Graph Convolutional Neural Network (GCNN) by adding an attention layer to capture brain network dynamics and identify the channel providing the greatest contribution to the n-back tasks. The GCNN is a generalized version of the convolutional neural network (CNN) (Defferrard et al., 2016). By employing spectral graph theory (Chung and Graham, 1997), GCNN can reveal the underlying topological information of high-dimensional data. In the second step, we investigated the intrinsic spatial patterns of multichannel EEG data using a GCNN model, in which each vertex represents an EEG channel and each edge represents the connection between two electrodes. Although the GCNN approach is effective for elucidating the spatial patterns of multichannel EEG, one limitation is the requirement for a fixed graph representation. In other words, the adjacent matrix must be predetermined before applying the GCNN to the data. However, the brain states of participants can exhibit time variance during long recording periods. Consequently, inspired by graph attention network (GAT) methods (Veličković et al., 2017), we adapted the original GCNN by adding an attention layer to capture brain network dynamics and identify the channel providing the greatest contribution in the n-back tasks (see Figure 3).


[image: image]

FIGURE 3. The architecture of the attention based GCNN. The network consists of an attention layer, three GCNN layers, a global pooling layer, and a dense layer. The graph attention mechanism in the first layer learns the dynamic adjacent matrix and the graph features.


By definition, a graph can be represented as G = {V, E, A}, in which V is the set of vertices with the number of N|V|. A represents the adjacent matrix, in which each entry denotes the connection relationship (i.e., the edge) between two vertices. The set of input features can be denoted as [image: image], where each feature vector corresponds to a vertex. We first initialized the adjacent matrix randomly. The initial adjacent matrix can be updated by the graph attention layer (Veličković et al., 2017) during the training process. The updating rule is presented as follows:

First, the graph attention layer computes the attention coefficient matrix α ∈ ℝF′×F′,where F′ is the size of the output feature set. The coefficients can be computed as

[image: image]

where Ni is the set of adjacent vertices of the vertex i, [image: image] is the parameter vector of the graph attention layer, and ∥ is the concatenation operation.

The adjacent matrix A can be updated by multiplying the coefficient matrix and the original adjacent matrix, as follows:

[image: image]

Meanwhile, the graph attention layer also updates the feature set according to the following:

[image: image]

Then, two GCNN layers are used to classify the performance of the participants. L denotes the Laplacian matrix, which can be written as

[image: image]

where D represents the degree matrix. L can then be decomposed as follows:

[image: image]

The convolution in the non-Euclidean domains can be computed as

[image: image]

where gθ is the non-parametric filter with learnable parameters. A fully connected layer is then adopted to predict behavioral performance.



Further Electroencephalogram Analysis

Further EEG analysis is based on the results of initial EEG analysis and GCNN to explore the frequency (4, 5, 6, 7, and 8 Hz) that most covariate with improvements in performance. To obtain the EEG activity patterns that most closely corresponded to the integer frequency values of 4, 5, 6, 7, and 8 Hz, we changed the padratio to 8 in further EEG analysis, and compared the changes of each integer frequency (4, 5, 6, 7, and 8 Hz) activity between block 1 and block 3. We measured the MI between power features (4, 5, 6, 7, and 8 Hz) and n-back performance to investigate which frequency was more sensitive to changes in behavior. Specifically, the frequency with the largest MI magnitude is chosen as the stimulation frequency and was applied to modulate working memory.




Results


Behavioral Analyses

The target-ACC of the n-back task was analyzed using a mixed-design analysis of variance (ANOVA) employing one between-subject factor of group (HP or LP) and two within-subject factors of back (three-back or four-back) and block (block 1, 2, or 3). As shown in Figure 4, the main effect of block was significant (F2,38 = 23.015, p < 0.001, MSE = 3,266.76, η2 = 0.55), suggesting that target-ACC increased as the participants practiced more (target-ACCblock 3 > target-ACCblock 2 > target-ACCblock 1, ps < 0.05). The main effect of back was also significant (F1,19 = 25.778, p < 0.001, MSE = 5,831.80, η2 = 0.58), suggesting that target-ACC was significantly better on the four-back than the three-back task (ps < 0.05). The main effect of group was significant (F1,19 = 15.003, p = 0.001, MSE = 5,630.21, η2 = 0.44), suggesting that target-ACC was significantly better among the HP group than among the LP group (ps < 0.05). We also observed a significant interaction effect between block and group (F2,38 = 6.02, p = 0.005, MSE = 828.77, η2 = 0.24), suggesting that target-ACC increased with practice in the LP group (target-ACCblock 3 > target-ACCblock 1, target-ACCblock 3 > target-ACCblock 1, ps < 0.05). In the HP group, only block 3 target-ACC was significantly greater than that in block 1. Further comparisons indicated that target-ACC significantly improved as the number of practice trials increased in the LP group (three-back: target-ACCblock 3 > target-ACCblock 1, ps < 0.05; four-back: target-ACCblock 3 > target-ACCblock 2 > target-ACCblock 1, ps < 0.05). However, this effect was not observed in the HP group.


[image: image]

FIGURE 4. Target-ACC and RT of each group for each back and each block in Experiment 1. (A) Scatterplots with individual data points of target-ACC in three-back and four-back tasks. (B) Scatterplots with individual data points of RT in three-back and four-back tasks. Error bars are 95%-confidence intervals around the estimates. “*”p < 0.05, “**”p < 0.01, and “***”p < 0.001.


The same mixed-design ANOVA was conducted for the RT of the correct target trials. Only the main effect of block was significant (F1.49,28.22 = 13.26, p < 0.001, MSE = 0.43, η2 = 0.41, with Greenhouse–Geisser correction), suggesting that the RT decreased as the participants practiced more (RTblock 1 > RTblock 3, RTblock 2 > RTblock 3, ps < 0.05). Further comparisons indicated that RT significantly decreased as the number of practice trials increased in the relatively simple three-back task (for three-back, RTblock 1 > RTblock 3, RTblock 2 > RTblock 3, ps < 0.05, in both the HP and LP groups), but not in the relatively difficult four-back task.

In block 3, the target-ACC was significantly higher than block 1 within the LP group rather than the HP group, which indicates that the division of the two group is appropriate. RT was affected by the difficulty of the task, and the practice effect was only observed in the simpler three-back task.



Initial Electroencephalogram Analyses

After EEG signal preprocessing, we conducted an initial analysis to explore the brain regions and frequency bands exhibiting changes that corresponded to increases in target-ACC in the LP group. For each frequency band (i.e., theta, alpha, and beta) and each block (i.e., block 1 and block 3), the average power between 100 and 700 ms was computed and was further averaged among the two n-back tasks. Figure 5 shows the event-related synchronization distribution from block 1 to block 3 (Powerblock 3-Powerblock 1). According to this figure, the power seemed relatively stable in the central and parietal regions, regardless of the group or frequency band. Compared with those in block 1, theta and alpha activity was significantly enhanced in the prefrontal, frontal, and occipital lobes in block 3. Considering that the occipital lobe is more involved in visual processing, while the prefrontal and frontal lobes are more closely related to working memory processing, we conducted further analyses on theta and alpha activity in the prefrontal and frontal lobes. After preliminary identification of brain regions and frequencies, the theta and alpha power in Fp1, Fp2, F3, and F4 of the n-back task was analyzed using a mixed-design ANOVA employing one between-subject factor of group (HP or LP) and two within-subject factors of back (three-back or four-back) and block (block 1, 2, or 3). For theta activity, the main effect of block was significant (F2,34 = 5.18, p = 0.011, MSE = 22.99, η2 = 0.23) in Fp1, powerblock 3 was significantly greater than powerblock 1, and powerblock 2 was significantly greater than powerblock 1. For theta activity, the main effect of block was significant (F2,34 = 6.39, p = 0.004, MSE = 26.12, η2 = 0.27) in Fp2, powerblock 3 was significantly greater than powerblock 1, and powerblock 2 was significantly greater than powerblock 1. For theta activity, the main effect of block was significant (F2,34 = 7.30, p = 0.002, MSE = 16.79, η2 = 0.30) in F3, and powerblock 2 was significantly greater than powerblock 1. For alpha activity, the main effect of block was significant (F2,34 = 3.86, p = 0.031, MSE = 16.06, η2 = 0.19) in Fp2, and powerblock 3 was significantly greater than powerblock 1. No other main effects were significant (see Table 1). These findings suggested that, when compared with other combinations (i.e., theta in frontal region, alpha in frontal region, and alpha in prefrontal region), theta activity in the prefrontal region exhibited trends similar to those observed for changes in behavior [i.e., compared with block 1, the behavioral performance (target-ACC and RT) and theta activity in block 3 were changed significantly].


[image: image]

FIGURE 5. Event-related synchronization from block 1 to block 3 of each group for each band and each back in Experiment 1. (A) The power change from block 1 to block 3 in three-back task. (B) The power change from block 1 to block 3 in four-back task. The more tend to red, the more positive changes. The more tend to blue, the more negative changes. The color of the central region for each group and each frequency band tends to be green, suggesting that the power of central region tend to remain unchanged among practices.



TABLE 1. The analysis results of theta and alpha in prefrontal and frontal regions.

[image: Table 1]
Meanwhile, to determine the most discriminative spatio-frequency, we performed quantitative analysis on the 2m (m = 2) selected spatial features by measuring MI. We selected the top two largest MI values for each test (see Table 2) and visualized the corresponding EEG topographies (see Figure 6). Table 2 and Figure 6 show that all selected MI values were obtained from the lower band (theta and alpha) activities in frontal and prefrontal region, indicating that lower band activities in frontal and prefrontal region can provide more information for predicting performance on the n-back test (i.e., more sensitive to n-back performance differences). In particular, among the three tests, the features extracted from the theta band had larger MI values than those extracted from the alpha band, aside from those in the three-back test. Thus, we believe that theta band activity in frontal and prefrontal region may be a better indicator of changes in working memory performance.


TABLE 2. The largest MI values in each frequency bands and the corresponding components.
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FIGURE 6. Electroencephalogram topography showing the spatial distribution of the most discriminate features and the associated frequency bands. (A) Electroencephalogram topography of three-back task. From top to bottom, each row displays the most important spatio-frequency modes for the theta, alpha, and beta bands, respectively. (B) Electroencephalogram topography of four-back task.




Graph Convolutional Neural Network

We use an adapted graph attention mechanism to capture brain network dynamics and find the channel contributing most to performance in the n-back tasks. The proposed model achieved a classification accuracy of 80.4%. We selected the top 15 largest weights from the output optimal adjacent matrix and normalized the chosen weights. The edge between Fp1 and Fp2 had the largest weight at 0.78, suggesting that the functional connection between Fp1 and Fp2 was most important for n-back task performance.

The result of GCNN was similar to the initial EEG analysis, indicating that the brain activity in prefrontal region was associated with the changes in working memory performance.



Further Electroencephalogram Analysis

In further EEG analysis, we investigated which frequency activity change (4, 5, 6,7, and 8 Hz) is most closely related to the improvements in behavior. The same mixed-design ANOVA was conducted for EEG powers of 4, 5, 6, 7, and 8 Hz in Fp1 and Fp2. Table 3 lists the significant results. We observed that 8 Hz activity in the prefrontal region (especially Fp2) was most closely related to target-ACC. Specifically, for both three- and four-back tasks, 8 Hz activity and target-ACC were significantly greater in block 3 than in block 1 in the LP group, as was the target-ACC. Prefrontal activity at 6 and 7 Hz appeared to be related to both target-ACC and RT.


TABLE 3. The analysis results of 4, 5, 6, 7, and 8 Hz in prefrontal.
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Meanwhile, we measured the MI between power features (4, 5, 6, 7, and 8 Hz) of the two selected regions (Fp1 and Fp2) and n-back performance (see Table 4). We observed that the 8 Hz power of both regions had larger MI values than other frequencies. Since the magnitude of MI is an indicator of shared information between variables, we inferred that dependency was greatest between 8 Hz power and n-back task performance when compared with that for the other four frequency–performance pairs.


TABLE 4. The mutual information between 4, 5, 6, 7, and 8 Hz power and working memory performance in the two selected regions.
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Considering the specificity of the stimulus, these findings indicated that applying 8-Hz stimulation to the prefrontal lobe may be effective for improving verbal working memory performance.



Summary

Electroencephalogram analysis indicated that 8 Hz activity in the prefrontal lobe was associated with the correct response rate in the verbal working memory task, while 6 and 7 Hz activity appeared to be associated with both the correct response rate and response time. Dependency was greatest between 8 Hz power in the prefrontal cortex and n-back task performance when compared with that for the other four frequency–performance pairs. In addition, machine learning results suggested that the functional connection between Fp1 and Fp2 was most important for performance in the n-back tasks. These EEG and machine learning results were used to design Experiment 2, in which the prefrontal lobe was selected as the target for stimulation at a frequency of 8 Hz. In Experiment 2, we compared the modulatory effects of 8 Hz (selected stimulation), 40 Hz (control) and sham stimulation on verbal working memory.





EXPERIMENT 2


Materials and Methods


Participants

In Experiment 2, we recruited 67 young healthy volunteers, but only 48 were included in the behavioral data analysis (20–30 years old). The exclusion criteria were as follows: (1) participants who did not follow the instructions, (2) participants who had outstanding performance in pre-stimulation (target-ACC of >90% in the pre-stimulation tasks), and (3) extreme values (target-ACC or RT exceeding 2 SD from the mean). Among the 48 included participants, 12 were excluded from the EEG analysis because of poor signal quality, and 36 participants (12 females; mean age 23.67 ± 1.97 years) were included in the analyses.

All participants had normal or corrected-to-normal vision and were right-handed. A preliminary questionnaire screening with each subject ensured that all inclusion criteria for transcranial electric stimulation applications were met [i.e., no history of neuropsychiatric disorders (e.g., epilepsy), no brain injuries, no pregnancy, no intake of neuroleptic or hypnotic medications, and no metallic or electrical implants in the body].

This study was approved by the Ethics Committee of the Shenzhen Institute of Advanced Technology, and all experimental procedures conformed to the principles of the Helsinki Declaration regarding human experimentation. All participants provided oral consent, signed informed consent documents, and received 200RMB for their participation.



Experimental Design and Schedule

Experiment 2 was conducted using a single-blinded sham-controlled design. Participants were randomly divided into a selected group (n = 14), sham group (n = 18), and control group (n = 16). They completed three sessions (pre-stimulation, stimulation, and post-stimulation). Each session included one n-back task (blocks 1, 2, or 3). In the pre-stimulation session, resting-state EEG data were collected for 5 min before the block 1 n-back task. The participants then underwent tACS while performing the block 2 n-back tasks in the stimulation session. The post-stimulation session was the same as that in the pre-stimulation session. Task-state EEG data were recorded for block 1 (the pre-stimulation session) and block 3 (the post-stimulation session). Finally, subjects completed an electrical stimulation sensitivity questionnaire to report their experiences regarding phosphenes, dizziness, tingling, and itching.



N-Back Tasks

Compared with the n-back tasks of Experiment 1, those in Experiment 2 included an additional five-back task to further investigate the effect of tACS on performance on a more difficult working memory task. In addition, there are nine sequences in total, and each back included three sequences. Each sequence contained 33 + n trials, including 11 target trials and 22 non-target trials.



Electroencephalogram Recordings and Data Preprocessing

Electroencephalogram data recording, processing, and time-frequency analyses were the same as those in Experiment 1.



Transcranial Alternating Current Stimulation

Transcranial alternating current stimulation was delivered via a pair of 4.5 cm × 5.5 cm gel electrodes connected to a battery-driven stimulator. The gel electrode impedances were <500 Ω. One of the electrodes was placed over FP1-AP7 and the other was placed over FP2-AF8. The stimulation intensity was 2.0 mA (peak-to-peak current) and was applied for 20 min during the stimulation session in Experiment 2. The selected group received 8 Hz tACS (8 Hz group) and the control group received 40 Hz tACS (40 Hz group). The sham group was also equipped with tACS electrodes but did not receive stimulation.




Results


Behavioral Analyses

The target-ACC of the n-back task was analyzed using a mixed-design ANOVA employing one between-subject factor of group (8 Hz, 40 Hz, or sham) and two within-subject factors of back (three-back, four-back, or five-back) and block (block 1 or 2). As shown in Figure 7A, the main effect of block was significant (F1,39 = 62.56, p < 0.001, MSE = 6,059.908, η2 = 0.62), suggesting that target-ACC was greater in block 3 than in block 1. The main effect of back was also significant (F1.56,60.87 = 42.90, p < 0.001, MSE = 611.80, η2 = 0.52, with Greenhouse–Geisser correction), suggesting that target-ACC decreased significantly as the difficulty of the task increased (target-ACCthree–back > target-ACCfour–back > target-ACCfive–back, ps < 0.001). We also observed a significant interaction effect between block and group (F2,39 = 7.11, p = 0.002, MSE = 689.06, η2 = 0.27), suggesting that target-ACC was significantly greater for block 3 than for block 1 at 8 Hz, 40 Hz, and in the sham condition (ps < 0.05). The interaction effect between back and block (F2,78 = 3.38, p = 0.039, MSE = 178.69, η2 = 0.08) was also significant, suggesting that target-ACC was significantly greater in block 3 than in block 1 for three-back, four-back, and five-back tasks (ps < 0.05). Further comparisons indicated that block 3 target-ACC in the 8 Hz group was significantly higher than that in block 1 for the three-back, four-back, and five-back tasks (ps < 0.05). Furthermore, in the sham group, target-ACC was significantly higher in block 3 than in block 1 for the three-back and four-back (ps < 0.05). However, in the 40 Hz group, target-ACC was significantly greater in block 3 than in block 1 for the three-back task only.
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FIGURE 7. Target-ACC and RT of each group for each back and each block in Experiment 2. (A) Scatterplots with individual data points of target-ACC in three-back, four-back, and five-back tasks. (B) Scatterplots with individual data points of RT in three-back, four-back, and five-back tasks. Error bars are 95%-confidence intervals around the estimates. “*”p < 0.05, “**”p < 0.01, and “***”p < 0.001.


The same mixed-design ANOVA was conducted to examine RT for correct target trials. As shown in Figure 7B, the main effect of block was significant (F1,39 = 87.58, p < 0.001, MSE = 4.18, η2 = 0.69), suggesting that block 3 RTs were shorter than those in block 1. The main effect of back was also significant (F1.59,62.18 = 25.12, p < 0.001, MSE = 0.16, η2 = 0.39, with Greenhouse–Geisser correction), suggesting that RT increased significantly as the difficulty of the task increased (RTfour–back > RTthree–back, RTfive–back > RTthree–back, ps < 0.001). Further comparisons indicated that RT was significantly shorter in block 3 than in block 1 for all three groups (8 Hz, 40 Hz, and sham) and in all three task conditions (three-back, four-back, and five-back) (ps < 0.05).

As shown above, the strong practice effect resulted in better performance in block 3 than in block 1. Therefore, we used the improvements in target-ACC (i.e., target-ACCblock 3–target-ACCblock 1) and RT (i.e., RTblock 3–RTblock 1) as behavioral indices to compare which stimulation setting induced the greatest improvements in verbal working memory. Improvements in target-ACC in each n-back task were analyzed using a mixed-design ANOVA employing one between-subject factor of group (8 Hz, 40 Hz, or sham) and one within-subject factor of back (three-back, four-back, or five-back). As shown in Figure 8, the main effect of back was significant (F2,78 = 3.38, p = 0.039, MSE = 357.38, η2 = 0.08), indicating a smaller degree of improvement in target-ACC in the five-back task than in the three-back task. The main effect of group was significant (F2,39 = 7.11, p = 0.002, MSE = 1,378.12, η2 = 0.27), indicating that the target-ACC improvement was significantly greater in the 8 Hz group than in the 40 Hz and sham groups (ps < 0.05). Further comparisons revealed that the target-ACC improvement of 8 Hz group was significantly greater than that of the 40-Hz group and sham group (ps < 0.05) in the three-back and four-back tasks. In the five-back task, the improvement in target-ACC was significantly greater in the 8 Hz group than in the 40 Hz group (ps < 0.05). The same analysis was conducted to examine improvements in RT. However, no significant effects were observed in the RT analysis.
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FIGURE 8. Improvement in target-ACC and RT of each group for each back in Experiment 2. (A) Scatterplots with individual data points of improvement in target-ACC for three-back, four-back, and five-back tasks. (B) Scatterplots with individual data points of improvement in RT for three-back, four-back, and five-back tasks. Error bars are 95%-confidence intervals around the estimates. “*”p < 0.05, “**”p < 0.01, and “***”p < 0.001.


We further aimed to explore the effects of the three stimulation conditions on verbal working memory in the HP and LP groups, which were determined based on performance in block 1. Scores for the three-back, four-back, and five-back tasks were summed, and participants who scored lower than the median were assigned to the LP group, while those who scored higher than the median were assigned to the HP group. Eventually, the volunteers were divided into six groups: LP group receiving 8-Hz stimulation (LP-8 Hz) (n = 6), HP group receiving 8-Hz stimulation (HP-8 Hz) (n = 8), LP group receiving sham stimulation (LP-sham) (n = 10), HP group receiving sham stimulation (HP-sham) (n = 8), LP group receiving 40-Hz stimulation (LP-40 Hz) (n = 8), and HP group receiving 40-Hz stimulation (HP-40 Hz) (n = 8). The target-ACC of the n-back task was analyzed using a mixed-design ANOVA employing one between-subject factor of group (LP-8 Hz, HP-8 Hz, LP-sham, HP-sham, LP-40 Hz, and HP-40 Hz) and two within-subject factors of back (three-back, four-back, or five-back) and block (block 1 or 3).

As shown in Figure 9A, the main effect of block was significant (F1,36 = 69.90, p < 0.001, MSE = 6,183.12, η2 = 0.66), suggesting that target-ACC was significantly greater in block 3 than in block 1. The main effect of back was also significant (F1.49,53.44 = 51.48, p < 0.001, MSE = 6,607.74, η2 = 0.59, with Greenhouse–Geisser correction), suggesting that target-ACC decreased significantly as the difficulty of the task increased (target-ACCthree–back > target-ACCfour–back > target-ACCfive–back, ps < 0.001). The main effect of group was significant (F5,36 = 19.47, p < 0.001, MSE = 4,190.33, η2 = 0.73), suggesting a complex difference between groups. We also observed a significant interaction effect between block and group (F5,36 = 4.46, p = 0.003, MSE = 394.32, η2 = 0.38), indicating that target-ACC in block 3 was significantly greater than that in block 1 in both the LP-sham and HP-sham groups (ps < 0.05). The analysis also indicated that block 3 target-ACC was significantly greater than block 1 target-ACC in the LP-8 Hz and HP-8 Hz groups (ps < 0.001). Further comparisons indicated that target-ACC in block 3 was significantly greater than that in block 1 in the three-back, four-back, and five-back tasks within the LP-8 Hz group (ps < 0.05). Within the HP-8 Hz group, block 3 target-ACC was greater than block 1 target-ACC for the three- and four-back tasks only (ps < 0.05). We also observed improvements in target-ACC between block 1 and 3 of the three-back task in the LP-40 Hz, HP-40 Hz, and HP-sham group (ps < 0.05). Target-ACC was significantly greater in block 3 than in block 1 for the five-back task in the LP-sham group (p < 0.05).
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FIGURE 9. Further analysis result of LP and HP in Experiment 2. (A) Scatterplots with individual data points of target-ACC for three-back, four-back, and five-back tasks. (B) Scatterplots with individual data points of improvement in target-ACC for three-back, four-back, and five-back tasks. Error bars are 95%-confidence intervals around the estimates. “*”p < 0.05, “**”p < 0.01, and “***”p < 0.001.


To weaken the influence of practice effect on the results, the target-ACC improvement in the n-back task was analyzed using a mixed-design ANOVA employing one between-subject factor of group (LP-8 Hz, HP-8 Hz, LP-sham, HP-sham, LP-40 Hz, and HP-40 Hz) and one within-subject factor of back (three-back, four-back, or five-back). As shown in Figure 9B, the main effect of group was significant (F5,36 = 4.46, p = 0.003, MSE = 788.64, η2 = 0.38), indicating that the target-ACC improvement was significantly greater in the LP-8 Hz group than in the other groups. Further comparisons revealed that the target-ACC improvement was significantly greater in the LP-8 Hz group than in the LP-sham, HP-sham, LP-40 Hz, and HP-40 Hz groups in the three-back and four-back tasks (ps < 0.05). In the five-back task, the target-ACC improvement of the LP-8 Hz group was significantly greater than that of the LP-40 Hz and HP-40 Hz groups (ps < 0.05). As our previous analysis revealed no differences in the effects of the three stimulation conditions on RT, we did not analyze RT results here.



Electroencephalogram Analyses

The theta power in Fp1 and Fp2 during the n-back task was analyzed using a mixed-design ANOVA employing one between-subject factor of group (8 Hz, 40 Hz, or sham) and two within-subject factors of back (three-back, four-back, or five-back) and block (block 1 or 2). In Fp1, the main effect of block was significant (F1,33 = 4.23, p = 0.048, MSE = 95.32, η2 = 0.11), and the theta power was significantly greater in block 3 than in block 1. Further comparisons indicated that theta power during the three-back and four-back tasks was significantly greater in block 3 than in block 1 in the 8 Hz group (ps < 0.05), while that during the five-back task was only marginally significantly greater (ps = 0.056). No significant effects were observed in the 40 Hz and sham groups. In Fp2, the main effect of block was marginal significant (ps = 0.056), and the theta power was greater in block 3 than in block 1. Furthermore, no effect was significant in the theta power analysis for Fp2.

In addition, we explored the effects of the three stimulation conditions on EEG activity associated with verbal working memory in the HP and LP groups. The theta power in Fp1 and Fp2 during the n-back task was analyzed using a mixed-design ANOVA employing one between-subject factor of group (LP-8 Hz, HP-8 Hz, LP-sham, HP-sham, LP-40 Hz, and HP-40 Hz) and two within-subject factors of back (three-back, four-back, or five-back) and block (block 1 or 2). No effect was significant in the theta power analysis for either Fp1 or Fp2.



Adverse Effects Ratings

Participants were required to rate their adverse experiences during and after stimulation. The questionnaire used a four-point Likert scale ranging from 1 (none) to 4 (extreme). Overall, tACS was well-tolerated. For 8-Hz and 40-Hz stimulation, participants reported phosphenes (100%), dizziness (40%), tingling (73.33%), and itching (46.67%) during stimulation. These effects were attenuated after the stimulation, and participants reported phosphenes (3.45%), dizziness (24.14%), tingling (0%), and itching (6.9%). According to the one-way ANOVA, most of the ratings of adverse experiences that occurred during stimulation significantly differed between groups, including phosphenes (F2,45 = 20.52, p < 0.001), tingling (F2,45 = 14.15, p < 0.001), and itching (F2,45 = 3.71, p = 0.032). For phosphenes and tingling, the ratings of the 8 Hz and 40 Hz groups were significantly greater than those of the sham group (ps < 0.001). For itching, the rating of the 40 Hz group was significantly greater than that of the sham group (p = 0.034). However, the rating of dizziness that occurred during stimulation did not significantly differ between the groups (F2,45 = 1.52, p = 0.230). The ratings of adverse experiences that occurred after stimulation did not significantly differ between groups.





DISCUSSION


Electroencephalogram Activities Related to Positive Behavior Changes

In Experiment 1, participants completed three n-back tasks (blocks 1, 2, and 3). There was an one-week interval between block 1 and block 2 and a ten-minutes break between block 2 and block 3. The result showed that the practice effect was not affected by the interval time. Practice effect of target-ACC was mainly affected by participant’s naturally verbal working memory capacity. Low performance subjects showed stronger practice effects than high performance participants. Practice effect of RT was mainly affected by the task difficulty. Subjects showed stronger practice effect in relatively simple three-back task than in relatively difficult four-back task.

In initial EEG analysis, we first targeted the EEG characteristic regions and frequency bands by observing the differences of the topographic maps between block 3 and block 1. We found that theta and alpha activation of block 3 was greater than block 1 in prefrontal and frontal regions. Specifically, theta activity in the prefrontal region exhibited trends similar to those observed for changes in behavior. Meanwhile, the result of FBCSP suggested that theta band activity in frontal and prefrontal regions may be a better indicator of changes in working memory performance. In addition, we used an adapted graph attention mechanism to capture the brain network dynamics and to find the channel contributing most to the performance in n-back tasks. The result was similar to EEG analysis, finding that brain activity in prefrontal region was associated with the changes in working memory performance. Thus, we concluded that theta activity in prefrontal region was associated with improvements in verbal working memory performance.

In further EEG analysis, we investigated the brain oscillations of different frequencies to see which frequency band is most closely associated with improvements in behavioral performance. The result indicated that 8 Hz activity in the prefrontal lobe was associated with the correct response rate in the verbal working memory task, while 6 and 7 Hz activity appeared to be associated with both the correct response rate and response time. Considering the specificity of the stimulus, these findings indicated that applying 8-Hz stimulation to the prefrontal lobe may be effective for improving verbal working memory performance.



The Modulatory Effects of 8 Hz (Selected Stimulation), 40 Hz (Control), and Sham Stimulation on Verbal Working Memory

In Experiment 2, we compared the modulatory effects of 8 Hz (selected stimulation), 40 Hz (control), and sham stimulation on verbal working memory. For the behavioral index of target-ACC, strong practice effects presented in most conditions. Therefore, we used the improvements in target-ACC and RT as behavioral indices to compare which stimulation setting induced the greatest improvements in verbal working memory. The target-ACC improvement of 8 Hz group was significantly greater than that 40 Hz group and sham group in the three-back and four-back tasks. However, no significant effects were observed in RT analysis. These results aligned with the conclusion of Experiment 1 that 8 Hz activity in prefrontal region was associated with the correct response rate in verbal working memory task.

We further explored the effects of three stimulation conditions on verbal working memory in HP and LP groups, which were determined based on performance in block 1. In a relatively simple three-back task, target-ACC of most of subjects became higher in block 3. In relatively difficult four-back and five-back tasks, only LP-8 Hz group maintained a stable and significant improvement in target-ACC. The improvements in target-ACC of LP-8 Hz group was significantly greater than 40 Hz and sham group. The target-ACC of verbal working memory was improved significantly using 8 Hz stimulation than 40 Hz and sham stimulation (especially for participants with low level of verbal working memory).

Overall, accordance to with several previous studies (Vosskuhl et al., 2015; Pahor and Jaušovec, 2018; Abellaneda-Pérez et al., 2020; Biel et al., 2021), our findings indicated that theta band activity was strongly associated with verbal working memory, and that theta tACS improved verbal working memory performance. Moreover, our study extends these findings, as we investigating the EEG characteristics correspond to the improvements in working memory performance in both HP and LP groups. Our analysis revealed that the changes in 8 Hz activity prefrontal region exhibited trends similar to those for the correct response rate in verbal working memory tasks. These results may indicate that 8 Hz activity in prefrontal region supports response accuracy. In Experiment 2, we applied 8 Hz tACS in prefrontal region, representing the biggest difference between the current investigation and previous studies. Although our stimulus targets and frequencies differed from those used in previous research, the performance of verbal working memory was improved significantly by using 8 Hz stimulation than 40 Hz and sham stimulation (especially for participants with low level of verbal working memory). The result suggested that 8 Hz tACS at prefrontal region had an effective intervention on improving verbal working memory.

In EEG analysis, the theta power of prefrontal region during n-back tasks was greater in block 3 than block 1 in 8 Hz group. No significant effects were observed in 40 Hz and sham groups. The results suggested that after 8 Hz tACS, brain oscillations of the theta frequency band was improved. It is worth considering that the degree of change in EEG is relatively subtle compared to the change in behavior.



Conclusion

The results of Experiment 1 showed that prefrontal lobe theta power was particularly sensitive to the amount of practice. Specifically, 8 Hz activity in the prefrontal region was related to improvements in response accuracy among participants with low verbal working memory ability, while activity at 6 and 7 Hz was related to both response accuracy and RT. Meanwhile, machine learning also indicated that frontal lobe theta power (especially for 8 Hz activity) is sensitive to improvements in performance. In Experiment 2, we utilized a frequency of 8 Hz to target the prefrontal region during tACS. The results of Experiment 2 showed that 8 Hz tACS could effectively improve performance on verbal n-back tasks, and the brain oscillations of the theta frequency band increased after stimulation. In addition, when 8 Hz stimulation was delivered, the target-ACC improvement was significantly higher in the LP group than other participants in sham and 40 Hz groups. These results suggest that applying 8 Hz electrical stimulation to the prefrontal region can effectively improve verbal working memory performance (especially in individuals with low ability), while stimulation at 40 Hz and sham stimulation exert no such effects. In conclusion, using EEG features related to positive behavioral changes to select brain regions and stimulation patterns for tACS is an effective intervention for improving working memory.



Significance

The current study indicated that employing 8 Hz tACS in the prefrontal region can improve performance on n-back tasks that assess working memory. Delivery of tACS at 8 Hz may be especially helpful for improving verbal working memory in participants with generally low initial ability. Moreover, few studies to date have focused on stimulation at Fp1 and Fp2.

More importantly, the current study provides new insight into the selection of appropriate parameters for tACS. Researchers can first investigate the neurophysiological features associated with positive behavioral changes in specific cognitive tasks. Then, selecting tACS targets and parameters based on the feature. This method could be particularly helpful when the source of brain oscillations of specific cognitive functions is not clearly understood. For example, most tACS can influence the superficial regions of brain cortex only (Brunyé, 2018). The spatial resolution of EEG is relatively low. If stimulation of superficial brain regions can causally influence cognitive function, the experiment could indicate that the specific superficial brain region is involved in cognitive function. Using the same logic, different combinations of neurophysiological and stimulation approaches can also be employed to study the mechanisms of cognitive functions and aid the development of interventions for various mental disorders.



Limitations

The current study applied various analyses to determine the EEG features associated with improvements in verbal working memory performance. The results of these analyses were not homogeneous. The final selection of the parameters was a balance between the results of these analyses. Therefore, the selection of the parameters was not stable, meaning that selection may depend on the number and types of analyses used. If more analyses are included, the results may be more inconsistent, which may make selection difficult. However, the number of analyses was not a key feature of the current paradigm. It is important to determine the parameters of tACS by analyzing the electrophysiological online signal, regardless of the number of analyses employed. In addition, the target region for stimulation was very large and may have covered at least four channel sites in the EEG cap. This shortcoming was mainly attributed to the tACS design. The more specific the region, the smaller the electrode, and the more pain the participants would experience. This pain could drastically reduce cognitive function because it constitutes a significant distraction.

Finally, the approach utilized in the current study may be inconvenient because it requires at least two separate experiments. It has been suggested that individualized stimulation may be better. For example, researchers could analyze the neurophysiological data for each participant immediately after the first test of cognitive function and immediately apply the stimulation in the same experiment. In this scenario, the difference between correct and incorrect trials could be revealed by rapid analyses or machine learning methods. However, these issues are much more complicated in practice. For example, correct trials do not fully reflect true judgment; participants may press a button based on guesswork. Although researchers could subtract the false alarm rate from the target-ACC to evaluate function, the number of correct trials wherein participants respond by guessing would be unknown. Including these trials in the analyses will greatly reduce the reliability of the analyses that aim to differentiate correct and incorrect trials because different participants might have different tendencies to guess. In addition, the number of correct and incorrect trials is difficult to control, and they would directly influence the results of the analyses.



Further Study

Further studies could employ the same procedures in a cohort of older adults to investigate whether this method is effective in improving the working memory of the older adults and those with cognitive decline.

In addition, more cognitive tasks that are used to assess working memory could be included in future studies, employing a similar design to Experiments 1 and 2. By doing this, the differences and the common brain activities of working memory among various tasks could be revealed, which may help to explain the inconsistent results of previous studies.

Future studies should employ AI training to improve cognitive function. Although the differentiation between correct and incorrect trials may be difficult, differentiation of HP and LP groups using AI is feasible. The current study already trained AI to differentiate the two groups. In further studies, this AI could analyze all trials in the first session and classify the case as HP or LP. In the second session, half of the cases in each group would receive the corresponding stimulation. Comparison of the stimulated and non-stimulated cases in the LP group may be more convincing because the two sessions would include the same participants and comparison within a group might make the difference greater.
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Alzheimer’s disease (AD) is a severe neurodegenerative disease, which mainly manifests as memory and progressive cognitive impairment. At present, there is no method to prevent the progression of AD or cure it, and effective intervention methods are urgently needed. Network-targeted intermittent theta burst stimulation (iTBS) may be effective in alleviating the cognitive symptoms of patients with mild AD. The abnormal function of the dorsolateral prefrontal cortex (DLPFC) within executive control network (ECN) may be the pathogenesis of AD. Here, we verify the abnormality of the ECN in the native AD data set, and build the relevant brain network. In addition, we also recruited AD patients to verify the clinical effects of DLPFC-targeted intervention, and explor the neuro-mechanism. Sixty clinically diagnosed AD patients and 62 normal controls were recruited to explore the ECN abnormalities. In addition, the researchers recruited 20 AD patients to explore the efficacy of 14-session iTBS treatments for targeted DLPFC interventions. Functional magnetic resonance imaging and neuropsychological assessment of resting state were performed before and after the intervention. Calculate the changes in the functional connectivity of related brain regions in the ECN, as well as the correlation between the baseline functional connectivity and the clinical scoring scale, to clarify the mechanism of the response of iTBS treatment to treatment. Our results showed that compared with normal control samples, the brain function connection between the left DLPFC and the left IPL within the ECN of AD patients was significantly enhanced (t = 2.687, p = 0.008, FDR-corrected p = 0.045). And we found that iTBS stimulation significantly reduced the functional magnetic resonance imaging signal between the left DLPFC and the left IPL in the ECN (t = 4.271, p < 0.001, FDR-corrected p = 0.006), and it was related to the improvement of the patient’s clinical symptoms (r = −0.470, p = 0.042). This work provides new insights for targeted brain area interventions. By targeted adjusting the functional connection of ECN to improve the clinical symptoms and cognitive function of AD patients.

Keywords: Alzheimer’s disease, executive control network, intermittent theta burst stimulation (iTBS), dorsolateral prefrontal cortex, cognitive function


INTRODUCTION

Alzheimer’s disease (AD) is a severe neurodegenerative disease that mainly manifests as memory and progressive cognitive impairment (Molteni and Rossetti, 2017). Data from the 2018 Annual Report of the World Alzheimer’s Disease (Prince and Matthew, 2018) show that there are approximately 50 million AD patients in the world at present, and the incidence continues to rise. AD has become the seventh cause of death in the world, and it is one of the most important health and social crises of the 21st century (Prince and Matthew, 2018). AD patients are mainly treated with drugs (Blennow et al., 2006), but these drug treatments can only delay the course of the disease to a certain extent, and they cause adverse reactions (Mielke et al., 2012). At present, there is no method to prevent the progression of AD or cure it (Godyn et al., 2016). With the advancement of science and technology, physical therapy methods have gradually been applied to the field of neurodegenerative diseases, such as transcranial magnetic stimulation (TMS) and transcranial electrical stimulation.

The abnormal function of the executive control network (ECN) may be the pathogenesis of AD (Dhanjal and Wise, 2014; Zhao et al., 2018, 2019). Studies have shown that the impaired response of the ECN during verbal memory contributes to the decline in memory performance (Dhanjal and Wise, 2014). Heterogeneity exists in previous studies, which may be related to different ECN construction methods (Shirer et al., 2012; Li et al., 2019). The research on ECN encompasses the dorsolateral prefrontal cortex (DLPFC) related to working memory and attention; the inferior parietal lobule (IPL) related to bottom-up attention and episodic memory; middle frontal gyrus (MFG) related to executive ability; and middle temporal gyrus (MTG) related to language function (Seeley et al., 2007; Vincent et al., 2008; Liu et al., 2021). Previous studies based on a priori selection of brain networks have shown that the functional connectivity between specific central executive networks and different areas of the brain is weakened (Dhanjal and Wise, 2014; Joo et al., 2016; Cai et al., 2017), which may explain the impairment and severity of cognitive function in AD patients (Chandra et al., 2019; Jones et al., 2019). Research on the functional connectivity of the resting state MRI of AD shows that DLPFC dysfunction in the early stage of AD manifests as memory impairment, especially the impairment of its executive components (Kaufman et al., 2010; Kumar et al., 2017; Puttaert et al., 2020). As an important node of the ECN (Seeley et al., 2007), understanding the functional mechanisms of the DLPFC and other brain areas of the ECN is important for designing effective interventions for patients with AD. At present, magnetic resonance imaging (TMS) can improve cognition by targeting the network through functional magnetic resonance imaging.

Targeted cortical-hippocampal network TMS stimulation in adults increases the functional connection between the cortex-hippocampal network area, which demonstrates their role in improving the associative memory function (Wang et al., 2014). A study on the effect of high-frequency TMS on network-targeted stimulation showed that it promoted the recall ability of participants to a greater extent (Nilakantan et al., 2019). Repetitive TMS (rTMS) is a non-invasive, green treatment that can stimulate brain nerves through the skull without attenuation. At present, TMS mainly treats diseases by adjusting the balance between excitement and inhibition of the brain in both directions in clinical practice; rTMS can generate excitatory postsynaptic potentials, resulting in abnormal excitement of the nerves in the stimulated part, while low-frequency stimulation is the opposite. TMS is generally considered to mainly affect the cerebral cortex, relying on cognitive circuits in the subcortex and other deep structures, such as the cingulate gyrus and hippocampus. The DLPFC is located in the lateral cerebral cortex, usually close to the stimulation area, which stimulates the cognitive function and clinical symptoms of DLPFC and is expected to benefit from TMS (Miniussi and Rossini, 2011; Brunoni and Vanderhasselt, 2014; Penolazzi et al., 2015; Cappon et al., 2016).

Cognition is a broad concept. Different cognitive functions are maintained by different brain networks and are affected by stimulation techniques to varying degrees. Whether intervention in the DLPFC of AD patients can compensate for the functional connection within the ECN, and the relevance of cognitive function and the ECN is still unclear. In this study, we mainly explored the effect of the iTBS on targeted DLPFC within the ECN in AD patients to determine whether they can improve memory function and clinical symptoms by regulating the activities of the frontal and parietal lobes. We predicted that left-DLPFC-targeted iTBS stimulation improves cognitive function clinical symptoms in AD. The improvement of clinical symptoms was related to the change of functional connections within the ECN.



MATERIALS AND METHODS


Participants

This study mainly recruited AD patients aged 50–85 in the neurology clinic or ward of the First Affiliated Hospital of Anhui Medical University. All AD patients satisfying the diagnostic criteria for probable Alzheimer’s disease based on the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) criteria (McKhann et al., 1984, 2011). The clinical dementia rating (CDR) was between 0.5 and 2 points. Scored 10–27 on the Mini-Mental State Examination (MMSE). Treatment with donepezil at a steady dose for at least 3 months prior to iTBS until the treatment was completed. The exclusion criteria were as follows: patients with a history of drug abuse, alcoholism, or mental illness; patients with severe heart, lung, liver, and kidney dysfunction; acute and chronic infection; patients with craniocerebral trauma or severe cerebrovascular disease; and allergic constitution. For the normal controls (NCs), we recruited right-handed people who matched the AD group in age and gender. The exclusion criteria were participates without Alzheimer’s disease. The rest exclusion criteria for NCs were the same as those for AD patients.

The study was approved by the Anhui Medical University Ethics Committee, and all NCs and patients signed informed consent forms.



Process

A total of 60 patients with AD were recruited during the first phase of the study; 62 age- and gender-matched NCs were also recruited. All participants were given a complete set of cognitive assessment scales by professional clinicians to assess their cognitive abilities and clinical symptoms. The resting state fMRI data were used to analyze the functional relationships between different parts of the ECN. In the second phase of the study we conducted an intervention study. A total of 20 AD patients were included. Each participant needed to be treated once a day for two consecutive weeks. After the first assessment and completion of the MRI scan, the resting motor threshold (RMT) was measured (Schutter and van Honk, 2006). During the completion of treatment, all patients received a stable dose of donepezil. All patients received complete neuropsychological tests and multimodal MRI scans before receiving iTBS treatment and within 24 h after the last stimulation treatment.



Clinical Symptoms and Multi-Domain Cognition Assessments

The neuropsychology of the patients was assessed by a clinical investigator. The following neuropsychological test battery including the CDR, Global Deterioration Scale (GDS), Lawton-Brody Activities of Daily Living (ADL) scale, Montreal Cognitive Assessment (MoCA, Mandarin-version), Mini-mental State Examination (MMSE), AD8 scale and the Neuropsychiatric Inventory (NPI) were administered to evaluate whole cognitive function and clinical symptoms (Lezak et al., 2004). The CDR is a widely used multidimensional assessment of an individual’s internal cognitive, behavioral, and functional decline, based on the individual’s previously acquired abilities in these areas. The GDS is a set of staging methods developed by Reisberg et al. (1982) to assess the symptoms of AD. There were seven stages ranging from normal (no cognitive decline) to very severe cognitive decline. The scale was scored by interviewing patients and caregivers and was not objective. The higher the score, the more severe the symptoms. The CDR and GDS were used to grade the severity of AD and other dementias, which were widely used multidimensional assessment of an individual’s internal cognitive, behavioral, and functional decline, based on the individual’s previously acquired abilities in these areas (Reisberg et al., 1982; Morris, 1993). The ADL is mainly used to assess the daily living ability of the subjects. The AD8 is an assessment tool for rapid screening for cognitive abnormalities. The MMSE and MOCA were used to assess participants’ overall cognitive function. The NPI scale is used to assess the mental and behavioral symptoms of dementia patients. Based on the caregiver’s perception of the patient’s behavior and perceived distress. The Hachinski Ischemic Scale (HIS) was mainly used for the differential diagnosis of Alzheimer’s disease and vascular dementia. The severity of emotional symptoms in AD patients was evaluated by Hamilton Anxiety Scale and Hamilton Depression Scale. The Chinese version of the Auditory Verbal Learning Test (CAVLT, A/B), Clock-Drawing Test (CDT), Stroop test (Color/Word/Interference), Color Trail Test A/B (CTT A/B), Verbal Fluency Test (VFT) and Digital Span (forward/backward) were used to evaluate multiple cognitive domains. The Boston Naming Test (BNT) was used to investigate the ability of naming. Among them, CAVLT, Digital Span, and MMSE, A/B versions were adopted in the study and randomly used.



Transcranial Magnetic Stimulation Intervention


Personalization and Image Navigation Transcranial Magnetic Stimulation

Individualized and image-navigated TMS uses individual 3D-T1 images to develop individualized targets for the stimulation for each participant. The stimulus target was defined as a sphere of the brain area of interest with a radius of 10 mm centered on the Montreal Neurology Institute (MNI) coordinates (−38, 44, 26) in standard magnetic resonance space (Mir-Moghtadaei et al., 2015; Wang et al., 2020; Wu et al., 2021). SPM1 were used to standardize and segment individualized magnetic resonance images and the TMS-target (Ji et al., 2017) to convert MNI coordinates to personalized TMS targets. The generated individualized stimulation targets and magnetic resonance images were all imported to the frameless navigation system (Visor 2.0). During stimulation, the same researcher placed the figure-eight MagStim coil under the navigation of Visor 2.0 and the connection point of the coil on the brain area of the stimulation target, which was a tangent to the skull, making the coil handle and the brain midline 45° angle oblique to the rear.



Intermittent θ Explosive Magnetic Stimulation

The parameters of iTBS were as follows: Resting Motor Threshold (RMT, more than 5 out of 10 consecutive stimuli can evoke the minimum motor evoked potential amplitude of the first dorsal extensor pollicis brevis muscle of >50 μV stimulus intensity) with a stimulation intensity of 70% (Schutter and van Honk, 2006). Each iTBS sequence released 600 pulses for a total of three sequences; each had an interval of 15 minutes and there were 1,800 pulse stimulations in total. For every 200 milliseconds, three pulses were continuously applied at a frequency of 50 Hz; each stimulation lasted for 2 s, with an interval of 8 s for rest, lasting for 192 s (Huang et al., 2005; Wang et al., 2020; Wu et al., 2020). The iTBS treatment was administered using a 70 mm air-cooled figure-of-eight coil and MagStim2 stimulator. To prevent hearing damage during treatment, the participants wore earplugs, closed their eyes during the process and at rest, and maintained a comfortable sitting posture. Before, during, and after the treatment, additional dialog between the participants and the researcher was avoided; the participants were asked if they had any symptoms of discomfort after the stimulation.




Resting-State Functional Magnetic Resonance


Data Acquisition

The rs-fMRI image acquisition for all participants was mainly carried out at the Imaging Center of the University of Science and Technology of China, Hefei, Anhui Province. During the scan, all participants were asked not to fall asleep, close their eyes, not think about anything special, and keep their bodies still. A 3.0T MRI scanner (Discovery GE750w; GE Healthcare, Buckinghamshire, United Kingdom) composed of 217 echo plane imaging bodies was used for functional imaging. A total of 188 slices of T1-weighted anatomical images were acquired (voxel size = 1 mm × 1 mm × 1 mm; Repetition time = 8.16 ms; Echo time = 3.18 ms; flip angle = 12°; field of view = 256 mm × 256 mm; slice thickness = 1 mm). The parameters for rs-fMRI uses EPI scanning sequence were as follows (a total of 9,982 images were collected): Repetition time = 2,400 ms; slice thickness = 3 mm, Echo time = 30 ms, continuous slices = 46, voxel size = 3 mm × 3 mm × 3 mm), Flip angle = 90°, matrix size = 64 × 64, field of view = 192 mm × 192 mm.



rs-fMRI Preprocessing

We preprocess resting state functional magnetic resonance imaging data mainly using resting state functional magnetic resonance imaging toolkit (DPARSF) and SPM82 (Chao-Gan and Yu-Feng, 2010). After deleting the first five volumes of data, the data was preprocessed, including slice time correction, head movement correction, spatial normalization, and smoothing. There was no significant difference in head movement between the two groups. And participants with a maximum displacement of 3 mm in any of the x, y, or z directions of head movement during the entire scan were excluded. We resampled the voxel size to 3 mm × 3 mm × 3 mm. Spatial normalization is performed using MNI’s standard EPI template. A 4 mm full-width half-maximum Gaussian filter is used for spatial smoothing. The removal of physiological high-frequency noise and low-frequency drift is performed by linear detrending and time bandpass (0.01–0.08 Hz) filtering (Cordes et al., 2001). In order to eliminate the influence of interference covariates, we perform linear regression on head movement parameters, global average signal, brain white matter signal, and cerebrospinal fluid signal (Fox et al., 2009).



Resting-State Functional Connection Analysis

The locations of these subdivided seeds are shown in Figure 1. To explore the abnormal functional connections and clusters between the ECN structures, five bilateral seed points were selected from the ECN, based on previous studies (Fox et al., 2009) (see Supplementary Table 1). Create a spherical seed point with a radius of 3.5-mm around each seed point coordinate (Kennis et al., 2015). The BOLD time series of voxels between the seed regions are averaged to generate the reference time series of the seed region for each seed region.


[image: image]

FIGURE 1. Location of the bilateral ECN seeds.





Statistical Analysis

The analysis was performed using SPSS23 (v 23.0, IBM, Armonk, NY, United States). Cross-sectional neuropsychological assessment data was statistically analyzed using the independent sample t-test, and the paired t-test was used to assess changes in neuropsychological assessment data before and after treatment. Pearson correlation analysis was used to do correlation analysis. The Fisher z-transform is used to normalize the correlation ROI signals. Individual z-signals was used for analysis. And the obtained test value was corrected using FDR. FDR correction is to correct each p-value and convert it to q-value. q = p × n/rank, where rank refers to the order in which p-values are sorted from the smallest to the largest. The probability value p < 0.05 (two-tailed) was considered to be statistically significant.




RESULTS


Demographic and Clinical Information in Baseline

Participant demographic and clinical information are shown in Table 1. The average age and education (±standard deviation) in years were 64.508 (±9.005) for AD/63.984 (±7.623) for NCs and 8.783 (±4.694) for AD/9.540 (±4.099) for NCs, respectively. Their Hakinski Ischemic Scale (HIS) scores were 1.117 ± 0.691; all were less than 4. There were no significant differences in gender, age, and education between the AD and control groups. In the AD group, the MMSE, MoCA, NPI, ADL, CDR, and GDS were worse than those of the same age group. According to the multidimensional cognitive assessment, the AD group performed significantly worse on tests that assessed memory (immediate recall, delayed recall, and recognition), sub-tests that assessed information processing (DS-F/B, Trail Making Test A/B, and Stroop interference Test), and tests that assessed language function (VFT) in Table 1.


TABLE 1. The demographic and clinical characteristics and neuropsychological test results of the Alzheimer’s Patients and normal controls in the cross-sectional study.
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Group Difference Within Executive Control Network in Baseline

The results of the seed point RSFC within the network between groups show that in the ECN, compared with the NCs, the functional connections in the network between left DLPFC and left IPL (t = 2.687, p = 0.008, FDR-corrected p = 0.045), left MFG and left IPL (t = 2.770, p = 0.007, FDR-corrected p = 0.045), left MFG and right IPL (t = 3.387, p = 0.001, FDR-corrected p = 0.012), left IPL and right IPL (t = 2.871, p = 0.005, FDR-corrected p = 0.045), right DLPFC and right MFG (t = 3.522, p = 0.001, FDR-corrected p = 0.014) was significantly increased in AD patients (see Figure 2 and Supplementary Table 2). There was no significant difference in the functional connectivity of the resting state within the remaining network in the groups.
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FIGURE 2. The differences in resting-state functional connectivity (mean Z-value) within the bilateral ECN seeds between the AD patients and normal controls.




Correlation Analysis of Resting-State Functional Connection Within the Executive Control Network in Two Groups

The correlation analysis of RSFC within the bilateral seeds in the ECN showed that the strength of the functional connection in the ECN was significantly correlated with cognition, respectively. In AD group, correlation analysis shows that the functional connection strength between the left DLPFC and the right DLPFC was negatively correlated to VFT (r = −0.272, p = 0.046), and positively correlated with AD8 (r = 463, p = 0.003), GDS (r = 0.323, p = 0.015), and CTT-B (r = 0.350, p = 0.039). Correlation analysis in NC group shows that the functional connection strength between the left DLPFC and the left IPL is related to CAVLT-immediate (r = −0.303, p = 0.017), CAVLT-delay (r = −0.310, p = 0.014) and CTT-B (r = −0.271, p = 0.045) is negatively correlated. The analysis of the remaining cognition in each group was shown in Table 2.


TABLE 2. Pearson correlation analysis of RSFC within the ECN after iTBS stimulation in AD patients and normal controls.
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Improvement of Clinical Symptoms Within the Executive Control Network of Alzheimer’s Disease Patients After Intermittent Theta Burst Stimulation

It can be found that iTBS can significantly improve the overall cognitive function, daily function, mental behavioral symptoms, and multiple cognitive functions of AD patients (P < 0.05). The results show that iTBS can significantly improve the overall cognitive function of AD patients, including MoCA (t = −5.229, p < 0.001), MMSE (t = −5.3449, p < 0.001), CAVLT-immediately (t = −4.129, p < 0.001), CAVLT-delay (t = −4.129, p < 0.001), CAVLT-recognition (t = −3.256, p = 0.004) and BNT (t = −3.685, p = 0.002) significantly improved after stimulation. In addition, both the family members and caregivers of AD patients found a certain degree of improvement after iTBS treatment, which was reflected in the score of the NPI-frequency × severity (t = 3.427, p = 0.003) and NPI-distress (t = 3.209, p = 0.005), as described in Table 3.


TABLE 3. Improvement clinical characteristics and cognitive function after iTBS treatment in AD patients.
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The Resting-State Functional Connection Changes Within the Executive Control Network and Correlation Analysis After Intermittent Theta Burst Stimulation

The cognitive function assessment and rs-fMRI imaging studies of a total of 20 patients were included in the study. One patient had a large head movement and was deleted from the analysis. Finally, the data of 19 patients were included in the analysis. The seed point-whole brain RSFC analysis showed that the strength of the functional connection between the left DLPFC and the left IPL (t = 4.271, p < 0.001, FDR-corrected p = 0.006) decreased significantly after treatment (see Figure 3 and Supplementary Table 3). Correlation analysis showed that the improvement of GDS after iTBS stimulation was correlated with the changes in lDLPFC-lIPL strength in the ECN (r = −0.470, p = 0.042).
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FIGURE 3. Differences before and after iTBS treatment in the Alzheimer’s Patients in the ECN.





DISCUSSION

Our study found a significant cognitive decline in AD patients compared with normal controls, and RSFC analysis found enhanced functional connectivity of various seed points within the ECN, which was associated with cognitive function. Longitudinal analysis showed a significant increase in the MMSE, MoCA scores of patients with AD after 2 weeks of treatment. The improvements in the overall clinical neuropsychiatric symptoms, severity, and ability to live daily were observed during the pre-post phase. Cognitive performance across multi-domains improved significantly, especially on tests related to memory (CAVLT, MoCA, and VFT) and attention. In addition, this study revealed the underlying neural mechanism for iTBS related to improvement in the clinical symptoms of AD. This improvement was achieved by changing the functional connection between the dorsolateral prefrontal lobe and the subparietal lobules in the executive control network. However, this study had no significant effect on CDR and GDS grading, the executive function (including Stroop Interference test and Trail Making A/B) and verbal fluent test.

The overall cognitive function of AD patients, including memory function, attention, executive function and language function, orientation function, computing function, and visual-spatial function, was impaired, which was consistent with the reports of previous studies (Binetti et al., 1996; Baudic et al., 2006; Hodges, 2006; Kirova et al., 2015). RSFC analysis showed that the functional connectivity of each network node in the ECN was abnormal. Compared with normal controls, the functional connectivities of the left DLPFC and left IPL; left IPL and left MFG; left IPL and right IPL; left IPL and right IPL; and right DLPFC and right MFG were enhanced in AD patients. This abnormal pattern of enhanced functional connectivity may be caused by compensatory functional effects in the brain of AD patients (Crosson et al., 2013). Compared with healthy controls, AD patients had impairments of memory, attention, and executive function, and the abnormality of functional connectivity was related to some cognitive subdomains, which may be related to the adjustment of the working memory, attention, thinking, logical reasoning, and other advanced cognitive functions (Zhao et al., 2005; Lantrip et al., 2017). Previous studies also found that the cross-network functional connection of the triple network model (ECN, default mode network, salience network) of AD patients was significantly impaired, and the interaction of the triple-network model was impaired, which may have led to the decline of cognitive function (Li et al., 2019).

The iTBS can significantly improve the overall cognitive function, the ability of daily living, and mental behavior symptoms of AD patients. This result is consistent with the reports of previous studies (Ahmed et al., 2012; Balconi and Ferrari, 2012; Chou et al., 2020). This may be because targeted left-DLPFC iTBS stimulation may have increased the excitability and function. The abnormality of the ECN of AD patients may be related to its function (Li et al., 2019). TMS is usually used to understand the function of a single brain area, but this ignores the fact that TMS may affect the network through network nodes (Cameron et al., 2020). Studies have found that TMS targeting of the left DLPFC can improve memories of young people and patients with healthy aging and affect network functions (Vidal-Pineiro et al., 2014; Wang et al., 2014; Nilakantan et al., 2017; Kim et al., 2018). As the core node of the executive control network (Seeley et al., 2007), our study showed that targeted stimulation of the left DLPFC may further affect the excitability of the ECN. The change of functional connectivity between the left DLPFC and left IPL within the ECN after stimulation was correlated with the improvement of GDS, which indicated that correcting the abnormalities in the executive control network may be related to the improvement of cognitive function (Dhanjal and Wise, 2014). A possible neurological explanation for the improvement of clinical symptoms in AD patients is that iTBS is designed to counteract maladaptive neuroplasticity and promote adaptive changes. Decreased activity in these areas may be due to iTBS-induced neural stimulants that show more efficient or less laborious processing at different levels (Koechlin and Summerfield, 2007). This hypothesis is consistent with the neural efficiency hypothesis, which holds that individuals with improved cognitive ability have lower cortical metabolic rates (Kar and Wright, 2014). This is supported by previous literature, which has shown that high-frequency iTBS of the left DLPFC may be a useful supplement for the treatment of AD.

There are still several deficiencies in this study. First, the sample size was small. Second, this study was carried out only based on the effectiveness results of previous studies without setting up a control group, which may be mixed with the practice effect. Therefore, future studies with a larger sample size and longer intervention duration and placebo control group are needed to further verify the conclusion of this study. The stimulus targets in this study were based on the conventional therapeutic targets used in our laboratory in the past (Wang et al., 2020; Wu et al., 2021). In future treatments, we can use the abnormally linked brain regions of the ECN obtained from the study as stimulus targets. In addition, future studies could use electroencephalogram techniques combined with MRI to further explore the relationship between changes in neural brain networks and behavioral outcomes during TMS, especially the effect of baseline neural activity characteristics on intervention outcomes.

In summary, this study suggests that the improvement of psychobehavioral symptoms and cognitive dysfunction in AD patients may be related to the changes of RSFC in different brain regions of bilateral ECN. Our study provided preliminary findings that pinpoint the effect of iTBS for the left DLPFC on the clinical symptoms and RSFC between the lDLPFC and lIPL of the ECN of AD patients. This discovery will facilitate the development of effective targeted-left DLPFC non-invasive interventions for the cognitive rehabilitation of patients with AD.
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Background: The vigilance fluctuation and decrement of sustained attention have large detrimental consequences to most tasks in daily life, especially among the elderly. Non-invasive brain stimulations (e.g., transcranial direct current stimulation, tDCS) have been widely applied to improve sustained attention, however, with mixed results.

Objective: An infraslow frequency oscillatory tDCS approach was designed to improve sustained attention.

Methods: The infraslow frequency oscillatory tDCS (O-tDCS) over the left dorsolateral prefrontal cortex at 0.05 Hz was designed and compared with conventional tDCS (C-tDCS) to test whether this new protocol improves sustained attention more effectively. The sustained attention was evaluated by reaction time and accuracy.

Results: Compared with the C-tDCS and sham, the O-tDCS significantly enhanced sustained attention by increasing response accuracy, reducing response time, and its variability. These effects were predicted by the evoked oscillation of response time at the stimulation frequency.

Conclusion: Similar to previous studies, the modulation effect of C-tDCS on sustained attention is weak and unstable. In contrast, the O-tDCS effectively and systematically enhances sustained attention by optimizing vigilance fluctuation. The modulation effect of O-tDCS is probably driven by neural oscillations at the infraslow frequency range.

Keywords: infraslow frequency oscillatory tDCS, left dorsolateral prefrontal cortex, sustained attention, steady-state brain response, variability


INTRODUCTION

Sustained attention, the ability to maintain a goal-directed behavior for extended periods of time (Schouwenburg et al., 2021), is the key to most activities in daily life, such as driving vehicles, lifeguarding, as well as industrial and air traffic control. This capacity has been linked to the activation in brain cortical networks, especially the prefrontal regions (Brosnan et al., 2018). Aging and age-related disease often diminish the cortical activation, leading to diminished sustained attention [e.g., the vigilance decrement and fluctuation (Brosnan et al., 2018; Esterman and Rothlein, 2019; Sharma et al., 2019)], altering the functional independence in older adults and those with mild cognitive impairment and Alzheimer’s disease.

With the advancement of the neural modulation technique, recent studies have implemented the non-invasive brain stimulation technique, primarily the transcranial direct current stimulation (tDCS), to help restore sustained attention in older adults (Cruz and Fong, 2017; Brosnan et al., 2018; Indahlastari et al., 2021). Studies have shown that the tDCS targeting the dorsolateral prefrontal cortex (DLPFC) can help prevent the vigilance decrement during sustained attention tasks (Mcintire et al., 2014; Nelson et al., 2014). Using anodal stimulation over the right PFC, Brosnan et al. (2018), for example, observed a marginally significant tDCS effect on sustained attention tasks in older adults. However, other studies observed contradictory results. For example, Luna et al. (2020) exerted a high-definition tDCS over the right DLPFC and right posterior parietal cortex (PPC) while subjects doing attention tasks and found the brain stimulation mitigates the executive but not the arousal vigilance decrement. Some recent reviews and meta-analyses suggested that many factors, including but not limited to stimulation parameters, individual differences, learning effect, and task difficulty, are responsible for these inconsistent results (Reteig et al., 2017; Al-Shargie et al., 2019). These variances in the effect of tDCS on sustained attention suggested that more studies are needed to optimize the design of tDCS montage (i.e., current parameter and the stimulation protocols) for sustained attention (Al-Shargie et al., 2019), which may ultimately improve the efficacy of tDCS on sustained attention.

The attention fluctuates in the order of seconds to minutes (Esterman and Rothlein, 2019), which are independent of vigilance decrement (Esterman et al., 2014a). The time scale of attentional fluctuations is mainly situated in the infraslow frequency range (0.01–0.1 Hz) of the fluctuations of neural activity and behavioral performance, indicating the close links among neural, behavioral, and attentional fluctuations (Palva and Palva, 2012; Esterman and Rothlein, 2019). Therefore, using tDCS to modulate this infraslow frequency may hold great promise to enhance sustained attention, which, however, has not been examined.

In this study, we thus aimed to enhance sustained attention by modulating attentional fluctuations with infraslow-frequency-oscillatory tDCS (O-tDCS). We expected the O-tDCS to effectively modulate attentional fluctuations due to three reasons. First, the infraslow neural oscillations have been recorded in the thalamocortical circuit, which is closely associated with infraslow arousal fluctuations via neural networks and neurotransmitters (Hughes et al., 2011; Ballinger et al., 2016; Kobayashi et al., 2017). The high consistency of infraslow fluctuations among electrophysiological recordings and psychophysical time series during various kinds of continuous performance tasks (CPTs) was further demonstrated (Helps et al., 2010; Palva and Palva, 2012), suggesting that the infraslow fluctuations of behavioral performance are linked to neural activities. Second, the attention lapses in patients with attention deficit hyperactivity disorder fluctuated within the infraslow frequency range, especially around 0.05 Hz (Yordanova et al., 2011; Karalunas et al., 2013; Adamo et al., 2014), indicating that the infraslow frequency fluctuations are a potential intervention target of sustained attention. Third, the infraslow frequency task stimulations have been demonstrated to evoke strong steady-state brain responses (SSBRs) in cognitive-specific networks (Wang et al., 2016, 2018a, 2019a), implying that non-invasive brain stimulations within the infraslow frequency range could modulate neural fluctuations as well as associated behaviors. The above evidence indicated that the O-tDCS at a particular infraslow frequency (e.g., 0.05 Hz) may effectively enhance sustained attention.

Therefore, in this within-subject pilot study, we applied anodal 0.05 Hz (i.e., the potential target frequency of attention lapses) (Yordanova et al., 2011) O-tDCS over the left DLPFC (i.e., the core brain region pertaining to sustained attention and that has been widely used the target of traditional tDCS for enhancing the sustained attention) when performing the gradual-onset CPT (gradCPT). The gradCPT is a revised CPT with gradual transitions between stimuli, which can evaluate sustained attention processing with high reliability (Esterman et al., 2013). We hypothesized that as compared to controls (i.e., C-tDCS and sham), O-tDCS can significantly improve sustained attention as assessed by the performance of gradCPT, including attention focus and stability, inhibitory control, attention lapses, and infra-slow fluctuations of behavioral performance.



MATERIALS AND METHODS


Subjects

A total of 21 healthy graduate students at Fudan University participated in this study (i.e., 11 men and 10 women, age: 26.47 ± 1.91 years). All subjects had no reported history of neurological or psychiatric disorders, had a normal or corrected-to-normal vision, with intact cognitive function as assessed by the total score of mini-mental state examination (MMSE) greater than 27, and were right-handed determined by the Edinburgh Handedness Inventory (Oldfield, 1971). Subjects were asked to avoid any intake of alcohol or caffeine for 24 h prior to testing. Written informed consent form was obtained prior to their participation in the study. The ethical approval of the study was granted by the School of Life Sciences, Fudan University.



Study Protocol

Each subject underwent three study visits consisting of the performance of gradCPTs before, during, and after receiving one session of either O-tDCS, C-tDCS, or sham stimulation. Each test lasted for 8 min and was successively conducted before, during the second half of the 20-min stimulation, and after stimulation. Each session lasted for about 40 min (Figure 1A). A questionnaire about tDCS side effects was filled in at the end of each session. Of note, these successive tests might trigger the practice effect or fatigue effect, reducing some experimental effects, e.g., vigilance decrement. Therefore, three stimulation conditions were conducted in a randomized order to balance the possible impact of practice effect or fatigue effect on stimulation conditions. Furthermore, these three visits were separated by at least 72 h between each to eliminate the potential carryover effect of the prior stimulation. The participants were blinded to the type of tDCS. The C-tDCS and sham served as the active control condition and baseline condition, respectively.


[image: image]

FIGURE 1. The illustration of experimental procedure. (A) Stimulation procedure. Each stimulation condition consists of three phases, namely, pre-stim, in-stim, and post-stim. The gradual-onset continuous performance task (GradCPT) is performed once in each phase. (B) GradCPT program. The scenes were randomly presented with 90% city (i.e., the go stimulation) and 10% mountain (i.e., the no-go stimulation). The gradual transition of one image to another used the linear pixel-by-pixel interpolation, where the complete transition occurred over 800 ms. (C) Stimulation location. The source montages were placed over the left dorsal lateral prefrontal cortex (corresponding to AF3, F1, F3, F5, and FC3 of the 10–20 EEG system), while the sink montages were placed over the right-back of the head (corresponding to CP4, CP6, P2, P4, and PO4 of the 10–20 EEG system). (D) Stimulation protocol. Each stimulation condition lasts for 20 min with different patterns of ramp-up, stimulation, and ramp down.




The Gradual-Onset Continuous Performance Task

The gradCPT represents a unique combination of task features, in that, it requires frequent overt responses and removes abrupt stimulus onsets that may exogenously capture attention (Rosenberg et al., 2013). It was selected to measure sustained attention due to its very high reliability for both behavioral and neural measurements compared with other sustained attention tasks (Rosenberg et al., 2016). As shown in Figure 1B, stimuli in the gradCPT were round, grayscale photographs containing 10 mountain scenes and 10 city scenes. These scenes were randomly presented with 90% city (i.e., the go stimulation) and 10% mountain (i.e., the no-go stimulation), without allowing the identical scene to repeat on consecutive trials. The gradual transition of one image to another used the linear pixel-by-pixel interpolation, where the complete transition occurred over 800 ms. Participants were asked to press the space bar on the keyboard for each city scene but withhold their responses for mountain scenes. The reaction time (RT) was defined as the delayed time of response relative to the beginning (0%) of each image transition. The response accuracy was emphasized without reference to speed. However, given that the next image would replace the current image in 800 ms, a response deadline was implicit in the task (refer to RT analysis). The MATLAB software (MathWorks) and Psychophysics Toolbox (Brainard, 1997) were used to present stimuli and collect responses.



Transcranial Direct Current Stimulation Protocol

The tDCS was delivered with the 128-channel Geodesic Transcranial Electrical Neuromodulation (GTEN) system (Philips Neuro, Eugene, OR, United States). For the C-tDCS, the 1 mA total constant current was delivered for 20 min through five prefrontal source channels (the maximum current density was focused on the left DLPFC) to five sink channels, located at the parietal-occipital area (Figure 1C). Source/sink electrodes were positioned at the same location across three stimulation conditions. The time for ramping up and ramping down was 15 s at the beginning and end of the stimulation, respectively. For the O-tDCS, the stimulation current fluctuated between 0 and 1 mA, with 5 s on/5 s off periods, and rising and falling slopes of 5 s; thus, resulting in a 0.05 Hz oscillating stimulation, totally applied for 20 min. For the sham condition, no constant current was delivered except at the first and last 15 s, respectively (Figure 1D). To minimize sensation from the current injection, the Elefix conductive paste for the stimulating electrodes was mixed with a lidocaine solution for both stimulation and sham.



Reaction Time Analysis

The RTs were analyzed following previous studies about gradCPT (Esterman et al., 2013, 2014b). Since the RT was calculated relative to the beginning of each image transition, an RT of 800 ms indicates a button press at the moment an image was 100% coherent and not mixed with the successive image. An RT shorter than 800 ms indicates that the current image was still in the process of transitioning from the previous, whereas an RT longer than 800 ms indicates that the current image was in the process of transitioning to the subsequent image. On rare trials with highly deviant RTs (before the 70% coherence of image n or after the 40% coherence of image n + 1) or multiple button presses, an iterative algorithm maximized correct responses as follows. First, the algorithm assigned unambiguous correct responses, leaving few ambiguous button presses (<5% of trials). Second, an ambiguous press was assigned to an adjacent trial if one of two successive trials had no response. If two successive trials had no response, the press was assigned to the closest trial, unless one was a no-go target, in which, case subjects were given the benefit of the doubt that they correctly omitted. Third, if there were multiple presses that could be assigned to any one trial, the fastest response was considered a valid response. Finally, if more than two successive trials had no response and some trials cannot be assigned with the proper response, the missing RTs to cities and mountains were filled up with the median of RTs of each type of scene (city or mountain) in each run, respectively. After those processes, the mean and standard deviation (SD) of RTs for each run were calculated. The lower mean and SD of RT represented higher attention focus and attention stability, respectively (Yamashita et al., 2021).



Accuracy Analysis

Trials in which participants responded to mountains were considered commission errors. The failure of response suppression to mountains reflects a lower inhibitory control level. Trials in which participants failed to respond to cities were considered omission errors, which is possibly due to the lack of attention focus or attention lapses (Egeland and Kovalik-Gran, 2010).



Vigilance Decrement

According to previous experience in parameter optimization (Esterman et al., 2013), vigilance decrements were calculated with a 2 min sliding window around performance measures of interest (i.e., commission error, omission error, RT_mean, and RT_SD), where the first window contained 0–2 min and the last contained 6–8 min. The window moved with a step of 1 trial. A linear slope (computed as the rate of change per minute) was then calculated for each run. Vigilance decrements were determined if slopes are larger than zero in one-sample t-tests.



Power Analysis

The time series of RTs in each run was transformed to the frequency domain with the fast Fourier transform (FFT) (Wang et al., 2016). The frequency resolution was 0.0021 Hz (sampling rate/sampled data: 1.25 Hz/600). The power spectrum of each run was obtained to test whether the O-tDCS evoked low-frequency behavioral oscillations.



Predictive Analysis

To evaluate whether the enhanced sustained attention was driven by the enhanced power of behavioral oscillations, we used the value of power at 0.05 Hz to predict other indicators of sustained attention. The leave-one-out approach was used to estimate the predicted value of each indicator of each subject. Indicators under the O-tDCS and sham conditions during stimulation were recruited in the linear regression model to construct the relationship between power at 0.05 Hz and the commission error, omission error, RT_mean, and RT_SD. The least-square method was used to determine the predicted values of commission error, omission error, RT_mean, and RT_SD.



Statistical Analysis

The three stimulation types (i.e., O-tDCS, C-tDCS, and sham) by three tests (i.e., pre-stim, in-stim, and post-stim) repeated measures analysis of variance (ANOVA) was performed on the power of each frequency point. The 3×3 ANOVA was also performed on remaining indicators, including the mean and SD of RTs, commission errors, omission errors, and slope. The post hoc analysis was conducted with the paired-sample t-test if there was a significant interaction between the stimulation type and test. Since predicted values were lower than observed values, Spearman’s correlation was performed to test the relationship between observed values and predicted values of the commission error, omission error, RT_mean, and RT_SD (Rosenberg et al., 2016). The Greenhouse-Geisser correction was used if the equal variance was not assumed. Bonferroni’s correction (p < 0.05) was used if there were multiple comparisons for each indicator.




RESULTS

All the subjects completed the assessments before and after the stimulation. No side effects or adverse events were reported.


The Oscillatory Transcranial Direct Current Stimulation Enhanced Inhibitory Control and Reduced Attention Lapses

As shown in Figure 2A and Table 1, significant main effects of stimulation and test as well as their interaction for commission errors were observed, suggesting that stimulations enhance inhibitory control. The post hoc analysis revealed significantly reduced commission errors by the O-tDCS than the C-tDCS [t(20) = −2.727, p = 0.013, Cohen’s d = −1.22 for in-stim, t(20) = −5.62, p < 0.001, Cohen’s d = −2.513 for post-stim] and sham [t(20) = −5.555, p < 0.001, Cohen’s d = −2.484 for in-stim, t(20) = −5.274, p < 0.001, Cohen’s d = − 2.359 for post-stim] as well as marginally significant reduction of commission errors by the C-tDCS than sham [t(20) = −2.159, p = 0.043, Cohen’s d = −0.966 for in-stim, t(20) = −2.82, p = 0.011, Cohen’s d = −1.261 for post-stim]. Compared with pre-stim, the commission errors were reduced only by the O-tDCS under in-stim and post-stim [pre-stim vs. in-stim: t(20) = 6.173, p < 0.001, Cohen’s d = 2.761; pre-stim vs. post-stim: t(20) = 5.724, p < 0.001, Cohen’s d = 2.56].
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FIGURE 2. The oscillatory transcranial direct current stimulation (O-tDCS) improved accuracy and reduced the mean and SD of reaction time (RT) under pre-stim, in-stim, and post-stim. (A) Accuracy. (B) RT. Error bars show the 95% confidence interval.



TABLE 1. The ANOVA results for all indicators.
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Similarly, the main effect of stimulation and the interaction of stimulation by test for omission errors were significant (Figure 2A and Table 1), indicating that stimulations reduce attention lapses. The omission errors were reduced only by the O-tDCS compared with sham [t(20) = −2.709, p = 0.014, Cohen’s d = −1.212 for in-stim, t(20) = −4.68, p < 0.001, Cohen’s d = −2.093 for post-stim]. Compared with pre-stim, the omission errors were reduced only by the O-tDCS under in-stim [t(20) = −2.439, p = 0.024, Cohen’s d = −1.091] and post-stim [t(20) = −3.066, p = 0.006, Cohen’s d = −1.371].

Overall, the O-tDCS reduced both commission errors and omission errors than the C-tDCS and sham. The modulation effect of O-tDCS on commission errors and omission errors was even larger after stimulation than during stimulation. The commission errors and omission errors were lower under C-tDCS than under sham, but no significant difference was achieved.



The Oscillatory Transcranial Direct Current Stimulation Improved Attention Focus and Stability

Although there was only a significant main effect of stimulation for the SD of RT, the interaction of stimulation and test was significant for both mean and SD of RT (Table 1 and Figure 2B), suggesting that stimulations improve attention focus and stability. The post hoc analysis showed that only the O-tDCS significantly reduced both the mean [t(20) = −2.939, p = 0.008, Cohen’s d = −1.314 for in-stim, t(20) = −2.672, p = 0.015, Cohen’s d = −1.195 for post-stim] and SD [t(20) = −4.552, p < 0.001, Cohen’s d = −2.036 for in-stim, t(20) = −3.296, p = 0.004, Cohen’s d = −1.474 for post-stim] of RT, while the C-tDCS reduced the SD [t(20) = −2.222, p = 0.038, Cohen’s d = −0.994 for in-stim] of RT with marginal significance compared with that in sham. In contrast, only the O-tDCS reduced the mean and SD of RT under in-stim [t(20) = −3.75, p = 0.001, Cohen’s d = −1.677 for mean, t(20) = −3.334, p = 0.003, Cohen’s d = −1.491 for SD] and post-stim [t(20) = −3.142, p = 0.005, Cohen’s d = −1.405 for mean, t(20) = −2.894, p = 0.009, Cohen’s d = −1.294 for SD] compared with pre-stim.



There Was No Vigilance Decrement

There was no stimulation effect for the slope as all slope values were close to zero (mean = -0.002; ranged from −0.177 to 0.104). In other words, there was no vigilance decrement in this study. However, the sliding window analysis replicated the aforementioned results about attention lapses, attention focus, attention stability, and inhibitory control that the O-tDCS reduced all accuracy and RT indicators under in-stim and post-stim (Figure 3), suggesting that the O-tDCS enhances sustained attention across the time of the whole task.
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FIGURE 3. The vigilance decrement effect. There was no vigilance decrement as well as stimulation and test effects indicated by the slope. Lines show the mean values. Shadows show the 95% confidence intervals.




The Oscillatory Transcranial Direct Current Stimulation Enhanced the Power of Reaction Time Oscillations at the Stimulation Frequency

The O-tDCS evoked remarkable oscillations in the RT around the stimulation frequency. Significant interaction of stimulation and task was observed within 0.031–0.063 Hz, peaking at 0.05 Hz (Figure 4A). During stimulation, the power of RT oscillations at the stimulation frequency was tremendously enhanced by the O-tDCS more than 4 times of the C-tDCS [t(20) = 76.45, p < 0.001, Cohen’s d = 34.189] and sham [t(20) = 90.897, p < 0.001, Cohen’s d = 40.65], which reduced to about 3 times of the C-tDCS [t(20) = 46.11, p < 0.001, Cohen’s d = 20.621] and sham [t(20) = 48.676, p < 0.001, Cohen’s d = 21.769] after stimulation. Only the O-tDCS enhanced the power of RT oscillations at 0.05 Hz for in-stim [t(20) = 70.699, p < 0.001, Cohen’s d = 31.618] and post-stim [t(20) = 48.393, p < 0.001, Cohen’s d = 21.642] compared with pre-stim (Figure 4B).
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FIGURE 4. The O-tDCS enhanced the power of RT oscillations at the stimulation frequency. (A) The power spectrum of RT fluctuations. (B) The power at 0.05 Hz. Lines and charts show the mean value of all subjects. Shadows and error bars show the 95% confidence intervals.


Further analysis revealed that the power at 0.05 Hz effectively predicted commission error, omission error, RT_mean, and RT_SD during stimulation. The correlations between observed values and predicted values were all significant [r = 0.601, p < 0.001 for commission error; r = 0.516, p < 0.001 for omission error; r = 0.37, p = 0.016 for RT_mean, and r = 0.509, p = 0.001 for RT_SD].




DISCUSSION

Based on the low-frequency SSBR and fluctuations of sustained attention, we designed a low-frequency O-tDCS to modulate sustained attention in normal young adults. The results of this pilot study suggested that compared with C-tDCS and sham, the O-tDCS hold great promise to enhance sustained attention, including inhibitory control, attention lapses, attention focus, and attention stability. The power of RT oscillations at the stimulation frequency (0.05 Hz) could predict these effects, suggesting that the low-frequency fluctuations may modulate the effect of O-tDCS on sustained attention. These observations indicate that the O-tDCS is a promising strategy to improve sustained attention.

Stimulation effects on the performance accuracy and RT supported the overload theory. The underload theory and overload theory are two main psychological theories about the mechanisms of sustained attention (Thomson et al., 2015). Both theories postulate that the total amount of available attentional resources is fixed over time, while resources required by task decrease over time. However, the underload theory proposes that people redirect resources to task-unrelated thoughts as time progresses due to the low requirement of resources of the simple and tedious CPT (Smallwood and Schooler, 2015). In contrast, the overload theory postulates that a large amount of resources is required by the CPT. Resources are drained by the task over time and are increasingly devoted to counter motor impulsivity (Caggiano and Parasuraman, 2004). The tDCS excites cortical activity, thus providing more available resources for completing cognitive tasks and challenging the basic hypothesis of the underload theory and overload theory (Chase et al., 2020). However, available resources are usually more than resources required by the task (Thomson et al., 2015). Those additional resources, therefore, may have minimal impact on the task, leading to no significant modulation effect of the C-tDCS on sustained attention. In contrast, the O-tDCS reduced attention lapses and improved attention focus and attention stability, indicating that it increases resources devoted to the task. Furthermore, the O-tDCS reduced inhibitory control, indicating that it increased resources directed toward motor impulsivity, in line with the overload theory (Thomson et al., 2015). Therefore, the effective modulation of sustained attention requires more resources devoted to specific aspects of the task.

Where are these resources come from? Power analysis revealed dramatically enhanced power of RT oscillations at the stimulation frequency. The enhanced power represents greater variability of psychophysical performance over time (Palva and Palva, 2012). Although the neural correlation was not detected, we assumed that the enhanced power was evoked by periodic oscillations of cortical excitability modulated by the O-tDCS (Chase et al., 2020) due to the consistency of brain activity and behavior performance demonstrated by SSBR studies (Wang et al., 2014, 2015, 2016, 2018a). Greater variability has been suggested to provide greater dynamic range and kinetic energy for the adaptability and efficiency of neural systems, allowing them to achieve a variety of possible states and operate in an optimal probabilistic Bayesian manner (Garrett et al., 2013; Wang et al., 2019b, 2020a). Considering that the O-tDCS operated within the frequency range of the intrinsic fluctuations of sustained attention (Castellanos et al., 2005; Palva and Palva, 2018) and the evoked power of RT oscillations could systematically predict sustained attention performances, it may suggest that the improved attention focus, attention stability, attention lapses, and inhibitory control are associated with an optimized sustained attention system through the low-frequency resonance of neural excitability.

Although there are many factors that affect the effect of tDCS (Reteig et al., 2017; Al-Shargie et al., 2019), the O-tDCS significantly enhanced sustained attention in multiple aspects for almost all subjects compared with the C-tDCS and sham. These differences cannot be caused by task, subject, and learning factors due to the counterbalanced and perfectly matched design here. Therefore, we suggested that the oscillatory paradigm matters. Specifically, the intrinsic frequency of attentional fluctuations may provide a precise target for non-invasive brain stimulation. Considering that different brain and psychological functions have various frequency characteristics (Palva and Palva, 2018; Wang et al., 2020a), the O-tDCS in this frequency range may evoke the strongest resonance while eliminating noises and distractions at other frequencies (e.g., the modulation effect only appeared around the stimulation frequency). The strong effect and high signal-to-noise ratio may overwhelm a number of factors diminishing the effectiveness of tDCS. Due to a lack of neural recording, this hypothesis warrants further verification.

Some limitations and future directions should be noted. First, there was no modulation effect on vigilance decrements. Although vigilance decrements have been suggested to appear in the gradCPT (Esterman et al., 2013; Rosenberg et al., 2013), they were lack for all indicators and under all conditions in the current study, which may be caused by practice effect or fatigue effect in the within-subject design. In other words, these successive tests may keep subjects’ vigilance at a lower level, so that there is no longer a vigilance decrement. Future studies should use the between-subject design to test how the O-tDCS separately influences the vigilance decrement and attention fluctuations. Second, the neural correlation of the modulation effect of O-tDCS on sustained attention has not been detected. Therefore, we cannot determine whether the O-tDCS truly optimizes the sustained attention network or generally optimizes cognitive-related networks because all the intrinsic brain networks operate in this frequency band (Achard et al., 2006; Thompson and Fransson, 2015; Wang et al., 2018b, 2020b). If the latter is true, the O-tDCS would enhance many other cognitions rather than limited in sustained attention. More cognition assessments were needed to test this hypothesis. Third, it was not clear how long this modulation effect lasts. The effect on omission error was even larger after stimulation than during stimulation while that on other indicators was reduced. It seems that the washout period for the O-tDCS effect lasts for at least 8–10 min and possibly longer than one day. However, the exact time of the washout period for the stimulation effect cannot be determined in this study and should be tested in future studies.



CONCLUSION

The O-tDCS effectively and systematically enhances sustained attention by modulating its main subcomponents. The modulation effect of O-tDCS is probably driven by neural oscillations at the infra-slow frequency range.
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Conventional transcranial electrical stimulation (tES) is a non-invasive method to modulate brain activity and has been extensively used in the treatment of Parkinson’s disease (PD). Despite promising prospects, the efficacy of conventional tES in PD treatment is highly variable across different studies. Therefore, many have tried to optimize tES for an improved therapeutic efficacy by developing novel tES intervention strategies. Until now, these novel clinical interventions have not been discussed or reviewed in the context of PD therapy. In this review, we focused on the efficacy of these novel strategies in PD mitigation, classified them into three categories based on their distinct technical approach to circumvent conventional tES problems. The first category has novel stimulation modes to target different modulating mechanisms, expanding the rang of stimulation choices hence enabling the ability to modulate complex brain circuit or functional networks. The second category applies tES as a supplementary intervention for PD hence amplifies neurological or behavioral improvements. Lastly, the closed loop tES stimulation can provide self-adaptive individualized stimulation, which enables a more specialized intervention. In summary, these novel tES have validated potential in both alleviating PD symptoms and improving understanding of the pathophysiological mechanisms of PD. However, to assure wide clinical used of tES therapy for PD patients, further large-scale trials are required.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder (Wirdefeldt et al., 2011). The diminishing number of pigmented dopaminergic neurons in the substantia nigra and the presence of Lewy bodies are the hallmarks of PD, resulting in both motor and cognitive impairments. The motor symptoms of PD typically include resting tremor, rigidity, and stoop posture, while the non-motor symptoms involve defects in patients’ memory and emotions, sometimes dementia (Beitz, 2014).

The most recent decades were marked by extensive research efforts in developing novel pharmacological and physical therapies to ameliorate symptoms of PD. Levodopa has been widely used in PD treatment and proved to be extremely effective in alleviating motor symptoms during early disease stages. Nevertheless, levodopa has fell short treating non-motor impairments, which are especially common during the late stages of PD (Fabbri et al., 2017). Furthermore, undesirable side effects and drug resistance accompanied by disease progression hindered levodopa efficacy (Nonnekes et al., 2016). Therefore, a pivotal objective of current tES studies is to develop potential therapeutic interventions to relieve both motor and non-motor symptoms.

Over the past decades various neuromodulation techniques have been trialed, including deep brain stimulation (DBS), transcranial magnetic stimulation (TMS), and transcranial electrical stimulation (tES). DBS has now been clinically tested in late-stage PD. However, DBS surgery involves implantation of electrodes into deep brain regions, with significant safety risk (Morishita et al., 2017). Non-invasive stimulation approaches such as TMS have the risk of activating facial muscles, which leads to unpleasant feelings and forestalls double blind clinical trials (Weber et al., 2014). In addition, TMS is relatively expensive and difficult to perform. In contrast, tES has been considered one of the most compelling PD interventions, not only because of its low cost but also because of its safety and ease of operation. tES is a non-invasive neuromodulation method by which a low-intensity current is applied over the subject’s scalp, hence facilitating or inhibiting abnormal neuron activity (Ganguly et al., 2020). tES includes transcranial direct current stimulation (tDCS), transcranial alternating current stimulation (tACS), transcranial pulsed current stimulation (tPCS), and transcranial random noise stimulation (tRNS). Since Conventional tDCS is one of the earliest non-invasive neuromodulation methods clinically tested in PD patients, while other tES methods either lack clinical testing in human PD populations, or may not have been studied in the context of PD, therefore this review classify only tDCS that contains one target electrode (anode/cathode) and a return electrode (Nitsche and Paulus, 2000) as the conventional tES.

Although conventional tDCS has shown some encouraging results in alleviating both motor and non-motor symptoms (Boggio et al., 2006; Bueno et al., 2019), in practice, effects of conventional tES fluctuated across different studies (Doruk et al., 2014; Lau et al., 2019). In addition, tDCS is relatively less effective than other existing interventions for PD, and the improvements on symptoms bring by tDCS are highly dependent on the patients’ condition. Therefore, in order achieve a promoted efficacy among large population of PD patients to be fully advantageous over other interventions, further development of tDCS is required. Here we present three possible reasons behind such inconsistent reports, each corresponding to a novel tES approach that tries to overcome this constraint.

Conventional tES might modulate the neuronal pathways that are not the main drivers of disease pathology or specific symptoms. Recently, the view that distinct pathologic pathways might be responsible for different PD symptoms has emerged. For example, PD symptoms can be recognized by impaired functional brain networks, which involve multiple brain regions (Boord et al., 2017). However, conventional tES is not able to adapt these novel pathology hypotheses, since it can only activate or suppress the activity of one specific brain region. Thus, novel tES modes target at different pathological pathways have been developed.

Additionally, improvements in behavior solely resulting from tES are often too subtle for accurate recording (Swank et al., 2016; Lau et al., 2019), therefore, some suggested that the cooperation of tES with other interventions might synergize and amplify the therapeutic effect by simultaneous modulating multiple pathways. It is also tempting to question whether the effects of tES would interact with other stimulations, serving as an accelerator of modulating efficiency.

Besides, tES efficacy highly depends on the subjects’ condition and considerable discrepancies have been observed following identical stimulation inter or intra- subject. Therefore, the individualization of tES (e.g., closed-loop and brain-informed tES) is also gaining increasing interests owing to its “specialized to neuron response” characteristic. While conventional tDCS cannot automatically respond to these changes, novel stimulation approaches might give real-time individualized responses.

In this review, novel stimulation patterns are discussed and categorized into three groups: novel stimulation approaches, tES combination therapy with other interventions, and closed-loop stimulation. We will first discuss novel stimulation approaches with different modulation mechanisms toward PD. Then, the integrations of existing stimulation approaches with other types of PD intervention strategies will be introduced, and finally, we will analyze the closed-loop stimulation strategy that aims to achieve individualized self-adaptive parameters of stimulation. A detailed method and results of existing novel tES studies toward PD were summarized in Table 1.


TABLE 1. The detailed method and results of existing novel tES studies toward PD.
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NOVEL STIMULATION MODES

Conventional tDCS usually target at one specific brain region, thereby excite or inhibit the activity within that region. The most frequently targeted regions for tES in PD studies are summarized in Table 2. However, to enable the ability to modulate altered brain circuit or functional network found in PD patients, the invention of novel stimulation modes is required.


TABLE 2. Frequently targeted brain regions for tES in Parkinson’s disease.
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Multielectrode Transcranial Electrical Stimulation

Multielectrode tES is an improved version of tES with shared mechanism but multielectrode montages. Currently, multielectrode tES consists of multitarget tES and high-definition tES (hd-tES). Multitarget can modulate multiple regions of interest (Fischer et al., 2017), while hd-tES aims to achieve higher focality by minimizing the electrodes size and multiplying return electrodes (Datta et al., 2009). These two techniques are usually incorporated as a combination in experiments. In PD studies, up to date, only multitarget tDCS and hd-tDCS have been tested in clinical population.

Freezing of gait (FOG) is a characteristic symptom in PD patients and is usually seen as a target disability in PD tES studies. Stemming from both cognitive (failed at decision making) and motor impairments (failed at action) (Nutt et al., 2011), early FOG tDCS studies either targeted on M1 or left dorsolateral prefrontal cortex (lDLPFC) (Rektorova et al., 2007), with M1 stimulation aiming to alleviate FOG through motor improvements, while lDLPFC stimulation used against cognitive defects. Since both stimulation montages seemingly harvested promising results, Dagan et al. assumed that an optimized tES paradigm for FOG should improve motor and cognition at the same time. Using hd multitarget tDCS, both M1 and lDLPFC were selected. In this double-blind crossover trial, each PD FOG patient had undergone all three conditions: single target (M1) stimulation, dual-target stimulation, and sham. Subjects received 20 min of stimulation for each session with an average electric field strength of 0.25 V/m in the targeted area(s). hd-tDCS targeted at either the DLPFC or M1 was proven to be non-effective, while multitarget hd-tDCS exhibited a significantly improved gait speed and accuracy of the Stroop test (Dagan et al., 2018).

However, skepticism still exists in the assumption that multitarget tDCS would improve FOG performance, as a subsequent clinical trial with a subject population of 70 PD patients revealed the opposite results. After 2 weeks of intense treatment containing 10 stimulation sessions and 5 weeks of mild treatment with 5 stimulation sessions, despite some secondary performance improvements, no significant differences in FOG provoking test and FOG severity score were found (Manor et al., 2021).

In addition, the abovementioned studies did not assess the changes in functional connectivity. It is now generally accepted that the brain consists of many functionally connected networks. The communications and interplays among brain regions are fundamental for complex behaviors (Van Den Heuvel and Pol, 2010). Multitarget hd-tDCS provide the possibility to modulate brain networks, and has proven to be effective in modulating communications between brain regions (Yaqub et al., 2018). PD patients posed reduced functional connectivity in multiple brain networks, such as the default mode network and sensorimotor network (Ruan et al., 2020), therefore, further exploration and modulation of functional networks using multitarget hd-tDCS prove to be an efficient solution.



Transcranial Alternating Current Stimulation

Transcranial alternating current stimulation provides a sinusoidal external current stimulation that could either synchronize or desynchronize with the internal cortical rhythm (Antal and Paulus, 2013). Dissimilar to tDCS, tACS has more viable parameters, such as amplitude, frequency, and phase. Hence, tACS is capable of specifically correcting natural brain oscillations back to normal.

Parkinson’s disease patients suffer from pathological changes in internal brain oscillation frequency ranges. Higher theta (4–8 Hz), delta (less than 4 Hz) activities and lower alpha (8–12 Hz), beta (12–30 Hz) activities in the basal ganglia were detected in PD patients (Soikkeli et al., 1991). Additionally, PD patients also exhibit a reduced power of gamma band (25–140 Hz) oscillation (Crone et al., 1998) as well as deviated task-specific neuronal oscillation activity (Possti et al., 2021).

One of the earliest experiments applying tACS toward PD used 77.5 Hz 15 mA current, with the stimulation electrode placed over the forehead and references at mastoids. The total off-medication Unified Parkinson’s Disease motor rating scale (UPDRS) of this experiment exhibited no significant difference in scores between early PD patients and sham patients (Shill et al., 2011). Nevertheless, later tACS PD studies have applied more reasonable parameters and successfully improved subjects’ behavior. Del Felice et al. constructed a study that considered the baseline neuron activity that fluctuated in different individuals. By comparing PD patients with healthy controls, PD subjects were divided into two experimental groups. If PD subjects had higher relative power than healthy subjects in the range of fast frequencies (i.e., beta waves), tACS was set at 4 Hz. If they had excessive slow frequencies (i.e., theta wave), the tACS frequency was set in the fast frequency range at 30 Hz. Theta stimulation resulted in bradykinesia item improvement in the UPDRS, and cognitive improvements assessed by the Montreal Cognitive Assessment scale (MOCA). Only theta stimulation on sensorimotor area resulted in both behavior improvements and sustained beta rhythm reduction (Del Felice et al., 2019).

Additionally, tACS can be applied to probe and detect the causal relationship between behavior and neuron activity. In a randomized crossover tACS study, the associations between bradykinesia and abnormally altered beta/gamma oscillations in primary motor cortex (M1) were exposed when 1 mA tACS at 20 Hz or 7 Hz was delivered to patients. The stimulation electrode was centered over the first dorsal interosseous hotspot, while the return electrode was centered over the PZ according to the EEG 10–20 system. As a result, the increased beta power led to aggravated bradykinesia, while gamma synchronization entrained by tACS mitigated these symptoms (Guerra et al., 2021).

To clarify how this aberrantly increased beta power is linked with bradykinesia, Krause et al. hypothesized that an increase in beta power contributed to decreased cortico-muscular coupling (CMC); a critical linkage between neurological activity and motor performance that subsequently leads to bradykinesia and akinesia. Ten PD patients and 10 healthy control subjects were recruited for this study. Each participant received three sessions of 1 mA current stimulation targeted at M1, randomly applying 15 min of 10 Hz tACS, 20 Hz tACS, and sham. To determine the effects of each stimulus, the behavior performance of PD was assessed after each session. Only after 20 Hz stimulation did PD patients reveal a more rigid motor performance and a significant reduction in beta band CMC amplitude, while healthy controls experienced no significant difference in CMC and behavioral performance after either 10 or 20 Hz stimulation (Krause et al., 2013).

Despite these positive results, tACS might induce phosphene, namely, the feeling of flickering lights. Phosphene could affect subjects’ performance during tasks and impair the reliability of double-blind studies. Even if the phosphene threshold could be increased to 80 Hz when targeting brain regions far from the retina, it was found that maximum phosphene levels could occur between 14 and 20 Hz under an occiput–vertex electrode montage (Schutter and Hortensius, 2010). Thus, solutions are required for those phosphene inducing montages.



Transcranial Pulsed Current Stimulation

Different from conventional tDCS, tPCS provides discontinuous direct current interrupted by either short or long periodical inter-pulse intervals (Ma et al., 2019), thus adding two additional parameters: inter-pulse intervals and pulse durations. Although phosphene might also be induced by tPCS, the overall tolerability toward tPCS is better than tDCS in healthy subjects, with a significantly reduced feeling of itching, tingling, and eye flashing (Jaberzadeh et al., 2014).

In a Parkinsonian study, a combined tPCS and treadmill strategy was applied for 10 PD freezing of gait(FOG) patients, with both pulse duration and inter-pulse interval of tPCS being 33.3 μs. The tPCS targeted M1 provided 20 min of stimulation with or without concurrent treadmill training. The gait speed and gait amplitude, however, were found to be improved after a single tPCS session but not in the combined group or treadmill alone group (Alon et al., 2012). However, this study did not include sham tPCS as a placebo control, and the reliability of its results was therefore dented. Further studies should take place to further assess the efficacy of tPCS toward PD.

There was a study toward healthy population implicated that the duration of tPCS was not aligned with the lasting time of aftereffects (Vasquez et al., 2016). Thus, the non-linear effects of tPCS together with its unclear mechanisms complicate the process of selecting proper tPCS parameters. Consequently, few PD studies have focused on tPCS.



Transcranial Random Noise Stimulation

Transcranial random noise stimulation delivers alternating currents of random frequencies and amplitudes within a specific range of the spectrum (Carvalho et al., 2018). tRNS has been used as an active control in several neuromodulation studies; nevertheless, tRNS itself can also serve as a possible therapeutic stimulation method for PD. Like tACS, tRNS can also interfere with internal brain oscillations and neuronal activities. In healthy controls, weak tRNS over M1 increased corticospinal excitability during and after stimulation (Terney et al., 2008). In addition, tRNS exhibits a higher perception threshold (Ambrus et al., 2010) and is more effective activating M1 (Moliadze et al., 2014) than anodal tDCS in healthy controls.

In order to assess the potential of tRNS toward PD, a study has combined tRNS with intermittent theta burst stimulation (iTBS) to detect neuron activity alterations. In this study, PD patients who received a maximum 640 Hz 0.5 mA tRNS over M1 showed an adverse effect on the excitability of M1. In contrast, in healthy controls, M1 cortical excitability was enhanced after stimulation, while PD patients exhibited decreased cortical activity (Stephani et al., 2011). This study revealed a difference in tRNS efficacy among different populations. Thus, further assessment of the efficacy of tRNS as a rehabilitation strategy for PD is needed.

In a double-blind study specific to PD with major cognitive impairment (PD-MCI), Monastero et al. applied 1.5 mA tRNS oscillating randomly between 100 and 600 Hz on M1 to 10 PD-MCI subjects. In this study, 10 patients went through two randomized stimulation sessions, one of them being an active tRNS session and the other being sham. As a result, the total UPDRS score of subjects was significantly increased only after the active tRNS session (Monastero et al., 2020). Again, the validity of this result is doubtful due to the limited subject population and the lack of repetitive sessions.



Outlook for Novel Stimulation Modes

Although promising results were shown by these novel approaches of tES, some studies revealed adverse results. For example, identical multitarget hd-tDCS stimuli resulted in controversial responses in two studies, possibly attributed to the different scales of subjects. In the future, numerous studies with larger sample sizes are needed to prove the prevalence of their efficacy toward PD. In addition, due to the substantial variabilities between populations, even if studies have revealed positive results toward healthy subjects or other homologous disorders, the stimulation parameters should be carefully reconsidered when applied to PD patients.

The investigation of tES mechanisms can not only provide insight into finding optimized tES parameters but also help to explore the neurological process behind specific symptoms. Many studies have employed novel tES to investigate the causal relationship between specific oscillation patterns and behaviors. The understanding of behavior mechanisms can in turn help the design of effective interventions, forming a virtuous circle.

Conventional tDCS separates the whole brain into individual functional regions and neglects the brain’s functional networks, while novel modes of tES provide the possibility to modulate the communications between regions. Future studies should focus on stimulating the functional connectivity within brain networks.

Although the mechanisms behind tRNS and tPCS are yet uncertain, future exploration of their mechanisms might be extremely advantageous to optimize parameter settings, that will encourage more tRNS and tPCS studies. Therefore, the adjustment of stimulation would be quite challenging and might lead to contradictory results.

In addition, tPCS and tACS both face phosphene problems. Although there are solutions such as masking flicker stimuli to offset the phosphene (Krause et al., 2013), new methods that eliminate phosphene generation are likely better alternatives.

Recently, the tolerability and feasibility of remotely supervised tDCS (rs-tDCS) has been validated in PD patients, and promising therapeutic improvements were shown by rs-tDCS targeted at the DLPFC paired with cognitive training (Dobbs et al., 2018). This remotely supervised tES provides hints for future studies.

Single session tES usually experienced shorter aftereffects, while repetitive sessions of stimulation would harvest longer aftereffects duration. A single session tDCS or tACS (Neuling et al., 2013; Wach et al., 2013) usually leads to aftereffects that last 30 min or so, independent of the stimulation time. However, a study revealed that repetitive sessions of tDCS with short intervals(several minutes) can harvest up to 24 h of offline effects, while longer intervals(several hours) was found with little or no effects on plasticity (Agboada et al., 2020). Future studies are required to validate whether the short interval repetitive tES would results in sustained and wide-spread aftereffects.




TRANSCRANIAL ELECTRICAL STIMULATION COMBINED WITH OTHER INTERVENTION

In addition to the novel stimulation approaches discussed above, the combination of existing tES with another PD therapy can also be recognized as a novel stimulation method.


Transcranial Electrical Stimulation Combined With Drug

Since one limitation of pharmacologic therapy is side effects, it is intriguing to discuss whether the combination of tES and drugs would optimize improvements and lessen side effects at the same time.

In contrast to tDCS experiments where medication is controlled as baseline, in the study of Ferrucci et al., tDCS was provided as a supplementary intervention of levodopa to eliminate L-dopa-induced cognitive and motor impairments. M1 tDCS, cerebellar tDCS, and sham sessions are randomized for each subject, and each session was at least 1 month separated from another. Anodal tDCS (2 mA) was applied for 20 min in 5 consecutive days in each active stimulation session. Although no other cognitive or motor improvements were observed, both M1 and cerebellar tDCS led to a decrease in levodopa-induced dyskinesias in PD patients (Ferrucci et al., 2016).



Transcranial Electrical Stimulation Combined With Transcranial Magnetic Stimulation

Transcranial electrical stimulation can also be combine with TMS to boost the benefits of intervention. Recently, a dual mode tDCS scheme applied anodal tDCS together with repetitive transcranial magnetic stimulation (rTMS). The stimulation electrode of tDCS was placed over the lDLPFC, while TMS targeted M1. This stimulation scheme demonstrated a significant improvement in the executive functions of PD patients under dual-mode stimulation conditions (Chang et al., 2017).

Similarly, tACS delivered at gamma frequency combined with intermittent theta burst stimulation (iTBS) can also repair the damaged brain activity of PD patients. iTBS is a novel rTMS that provides more tolerable and robust action than conventional rTMS (Sanna et al., 2019). In PD patients, the long-term potentiation (LTP)-like plasticity induced by iTBS is impaired in M1 which subsequently damages PD patients’ motor learning ability (Ziemann et al., 2006). Concurrently, PD patients also present decreased gamma oscillatory activity in the basal ganglia-thalamo-cortical network. By applying 70 Hz tACS together with iTBS, iTBS-induced LTP-like plasticity in PD patients can be recovered (Guerra et al., 2020). Consequently, behavior improvements of this repairment could be assessed in future studies.



Transcranial Electrical Stimulation Combined With Physical or Cognitive Training

Motor and cognitive training can effectively ameliorate PD symptoms (Sidaway et al., 2006; Leung et al., 2015). Hence it might be possible to harvest the benefits of training and tES by combining these interventions.

In PD-MCI patients, tDCS combined with physical training showed steady cognitive improvements, but no significant additional effects of tDCS was found (Manenti et al., 2016). In line with this finding, Fernández-Lago et al. found that after a single 20 min session of active tDCS stimulation with treadmill walking training, there was no enhancement of tDCS toward sole treadmill walking training (Fernandez-Lago et al., 2017).

In contrast, in another sham-controlled, double-blind crossover study, Kaski et al. applied tDCS at M1 and the premotor cortex, and together with physical training, PD patients were found to have improved gait and balance performance (Kaski et al., 2014). Another study that combined 30 min of aerobic exercise with anodal tDCS targeted at the prefrontal cortex (PFC) revealed a positive impact of this combination on PFC activity, gait, and cognition (Conceição et al., 2021).

For cognitive training, another study combined computer-based cognitive training (CT) with 2 mA tDCS targeted at the DLPFC. This combined intervention was administered 4 times a week for 4 weeks, and at the week 16 follow-up survey, the impairment in executive skill and attention in PD-MCI patients was ameliorated and the immediate memory skill ability increased (Biundo et al., 2015). A later study divided computer-based CT into standard and tailored CT. Standard CT was more general, while tailored CT was specific to types of impairments, but both CT together with tDCS over the lDLPFC at 2 mA, harvested improvements in PD patients’ cognitive behavior, such as attention and working memory (Lawrence et al., 2018).



Outlook for Transcranial Electrical Stimulation Combined With Other Interventions

Since different interventions act through distinct mechanisms to alleviate PD symptoms, combined interventions can modulate multiple pathways with higher efficiency. Future studies might be able to provide individualized combination schemes according to patients’ symptoms and pathogenic factors, leading to maximized improvements and minimized side-effects in individuals.

Nevertheless, some limitations in combined interventions need to be considered.

First, TMS itself has already faced the problems of tolerability and unblinding toward patients and adding on TMS might worsen the situation.

In addition, although many have applied combination interventions for PD, few of them include control groups to assess the improvement of dual therapy interventions compared to single intervention. Therefore, in some studies, it is uncertain whether these combinations are better, more studies and a larger number of subjects are required for further validation of their effects.

Moreover, determining the framework of combined intervention is also challenging, since several combined stimulation studies have focused on the yet elusive mechanisms. The combination of interventions might support or interact with each other, forming complex response networks. Therefore, it is difficult to decide the dose and timing of interventions. Should these interventions be given together, or which takes precedence? How can the dose be decided to optimize the efficacy while at the same time not resulting in unpleasant feelings or even damage? These questions need to be solved for a better understanding toward PD.




CLOSED LOOP TRANSCRANIAL ELECTRICAL STIMULATION

It is generally accepted that discrepancies in effects can emerge between individuals when receiving identical stimulation. Similarly, several studies have witnessed deviations in neuronal feedback between different circumstances undergone by the same subject. To date, most tES research on PD has focused on open-loop schemes, providing constant predefined stimulation during the whole experimental process. However, due to these irremovable inter- and intra-subject variabilities, side effects, and low effect sizes may occur during clinical applications (Iturrate et al., 2018). Therefore, closed loop tES, which is self-adaptive toward changes in brain activity, Therefore, closed loop tES has become a hot topic.

Closed loop tES can provide self-adaptive stimulation according to the feedback of brain activity, forming a feedback-control close loop between input and output signals. To be more specific, when a predefined signal is detected(could be both behavior or brain activity) by the sensor, closed loop system should immediately receive the feedback from the sensor and select the corresponding stimulation parameters, then pass to the stimulator to provide real-time control.

Brittain et al. explored a closed loop tACS strategy toward rest tremor, a dominant motor symptom of PD unresolved by dopaminergic therapy. First, the patient-specific tremor frequencies were recorded, then tACS at tremor frequency was applied to M1 at original or double tremor frequencies. The amplitude of tremor was found to be minimized when the tremor signal and tACS were in phase and when stimulation was set at tremor frequency. Then, subjects were stimulated for 30 s at individual optimal tACS phases with arbitrary input. By alignment of internal and external oscillations, the phase of this pathogenic cortical oscillation would be canceled out, hence inhibiting an average of 42% of resting tremors (Brittain et al., 2013). This closed-loop tremor suppression tACS system might provide a basis for future Parkinsonian studies.

Ideally, optimized closed-loop tES should be able to recognize diverse circumstances and select symptom-specific tES parameters, in which case the specificity of stimulation would be improved, like methodology discussed above against rest tremor.

Additionally, an ideal closed loop tES should also automatically switch on when symptoms evoked and switch off when symptoms disappear, reducing the effect of overtreatment, and the financial cost of stimulation. For instance, A research group have designed a closed-loop EEG-tDCS system. They predefined an EEG threshold for automatic stimulation initiation, which in this study was when subjects were performing Stroop test. After the stimulation session, the sensor would again search for any above-threshold event and prepared to initiate another tDCS session. This closed loop EEG-tDCS system had achieved this system achieved 100% correct activation of tDCS in healthy population (Leite et al., 2017).

A recent DBS study on primates verified improved efficiency of closed-loop methodology. By using an adaptive GPi-DBS scheme that responds to signal changes in M1, the improvements in parkinsonian symptoms were greater than normalized DBS at a lower firing rate of GPi (Rosin et al., 2011). There are now closed-loop DBS that provide in-time stimulation corresponding to neuronal signals, harvesting the same therapeutic effects with less energy consumption (Swann et al., 2018).

Current studies applying closed-loop schemes toward PD are mostly focused on DBS, given the preliminary encouraging results, however, conducting a closed-loop tES scheme seems a very promising field in neuronal modulation of PD. Although few closed-loop tES studies focused on PD treatment, the applicability and efficacy of closed- loop tES has been validated in epilepsy (Berenyi et al., 2012; Kozak and Berenyi, 2017) and sleep (Ketz et al., 2018; Cellini et al., 2019; Hubbard et al., 2021).

There are two possible strategies in conducting closed loop tES studies. First, like DBS, tES might be able to track the internal oscillation of the brain, and if any abnormal oscillations were detected, tES would be activated and initiated the stimulation. On the other hand, closed loop tES can monitor the behavior of subjects and apply stimulation corresponding to subjects’ performance. For example, in the above study of resting tremors, the amplitude and frequency of tremors were recorded to deliver specific stimulation. These external behavior data would serve as an indicator for stimulation settings. Recently, a study assessed the capability of a smartwatch to track the time when PD patients suffer severe resting tremor outbreaks. In the future, this kind of device might be adopted in a closed-loop PD intervention study, providing precise behavioral data (Powers et al., 2021).

Although no other tES closed-loop study has focused on PD, researchers are trying to investigate novel tES equipment that can satisfy the demands of closed-loop stimulation. For example, a brain-machine interface system that integrate frequency-domain near infrared spectroscopy (fdNIRS) input and tDCS output was designed to enable the application of closed loop tDCS (Miao and Koomson, 2018). In addition, a recently developed tool box called brain electrophysiological recording and stimulation(BEST), had expanded the range of input recording and output stimulation devices with improved compatibility (Hassan et al., 2022). These systems and algorithms would enable the real-time feedback control of input signals by providing a platform for input and output signal integrating and processing, providing technological pilar for future closed-loop studies.


Outlook for Closed Loop Transcranial Electrical Stimulation

Although closed-loop tES studies toward PD are few, adaptive stimulation schemes have gained vast attention since they can deliver individual- or circumstance-specific modulation. Self-adaptive individualized closed-loop scheme can achieve higher efficacy; and closed-loop tES schemes in the future might also be able to automatically switch on when symptoms occur, like closed-loop DBS.

Another serious technical problem for closed loop tES is the time delay between detection of changes in brain conditions and the response to stimulus. For symptoms with a short provoking duration, the time delay in response might just miss the period of symptoms and become ineffective. Future studies might employ machine learning to predict the occurrence of symptoms so that more precise stimulation could be provided. In addition, using a brain machine interface (BMI) can provide a quicker stimulation response. For example, in a chronic pain study that used BMI in mice to monitor and stimulate the brain, the time delay between characteristics detected and stimulation response was minimized; thus, the pain could be released even when recognizing acute pain signals (Zhang et al., 2021).

Many studies have proposed numerous novel adaptive tACS and tDCS systems that proved to be safe and tolerable in healthy people (Leite et al., 2017; Guo et al., 2019). Building on these results, investigators could adopt those technologies in future closed loop tES studies in clinical PD populations.




CONCLUSION

Novel tES has proven their potential in preventing both motor and cognitive symptoms in PD and has been clinically translated as a supplementary intervention.

Overall, these novel patterns seek to achieve better performance and safety based on achievements made by conventional tES. These three novel tES methods is complementary with each other in a progressive manner. Novel tES approaches provide the possibility to stimulate the brain as functional networks instead of individual regions and have been proved to be effective in most of the PD studies, enhancing current understanding of PD pathology. The development of novel tES modes expanded the choice for combining tES with other intervention strategies and promote the possibility in obtaining the ideal multi-pathway-targeted combination, achieving a “1 + 1 > 2” improvement in efficacy as well as a reduced side-effect. Furthermore, considered as the most promising tES strategy, closed loop tES could take individual differences into consideration and adapt to the patient’s response, further optimizing therapeutic specificity. Nevertheless, closed-loop tES requires knowledge of pathological mechanisms and optimized stimulation pattern for each symptom, thus help the recognition of symptom-related activity and matching corresponding stimulation for recognized symptom.

Nevertheless, the results between some of the novel tES studies remain inconsistent, which might be resulted from the small sample size in most of the studies. To put novel tES into clinical use, more clinical trials with larger participant numbers are required. In addition, future studies should recognize the brain as a cohort of many functional networks and utilize tES to modulate functional connectivity between functional regions during PD symptoms. Apart from the study design, there should be more studies that investigate closed loop tES, providing higher specificity of stimulation with the lower consumption of energy. Moreover, efforts should be devoted to the invention of novel tES devices with higher operability that can provide in-home stimulation, making this therapy more convenient and available for patients, for example, rs-tES.

Currently, tES strategies lead to undesirable sensations of stimulation that hinder wider applications. Many tES studies are now focusing on temporal interference stimulation, which seems to be almost imperceptible to healthy subjects (Ma et al., 2021). Future studies might adopt this strategy to avoid unblinding of patients in double-blind studies, providing more pleasant stimulation experience for patients.

In conclusion, novel tES patterns have harvested encouraging improvements in both motor and cognitive symptoms of Parkinson’s disease despite flaws.
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Effects of Repetitive Transcranial Magnetic Stimulation on Cerebellar Metabolism in Patients With Spinocerebellar Ataxia Type 3
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Background: Spinocerebellar ataxia type 3 (SCA3) is the most common autosomal dominant hereditary ataxia, and, thus far, effective treatment remains low. Repetitive transcranial magnetic stimulation (rTMS) can improve the symptoms of spinal cerebellar ataxia, but the mechanism is unclear; in addition, whether any improvement in the symptoms is related to cerebellar metabolism has not yet been investigated. Therefore, the purpose of this study was to investigate the effects of low-frequency rTMS on local cerebellar metabolism in patients with SCA3 and the relationship between the improvement in the symptoms and cerebellar metabolism.

Methods: A double-blind, prospective, randomized, sham-controlled trial was carried out among 18 SCA3 patients. The participants were randomly assigned to the real stimulation group (n = 9) or sham stimulation group (n = 9). Each participant in both the groups underwent 30 min of 1 Hz rTMS stimulation (a total of 900 pulses), differing only in terms of stimulator placement, for 15 consecutive days. To separately compare pre- and post-stimulation data (magnetic resonance spectroscopy (MRS) data and the International Cooperative Ataxia Rating Scale (ICARS) score) in the real and sham groups, paired-sample t-tests and Wilcoxon’s signed-rank tests were used in the analyses. The differences in the ICARS and MRS data between the two groups were analyzed with independent t-tests and covariance. To explore the association between the changes in the concentration of cerebellar metabolism and ICARS, we applied Pearson’s correlation analysis.

Results: After 15 days of treatment, the ICARS scores significantly decreased in both the groups, while the decrease was more significant in the real stimulation group compared to the sham stimulation group (p < 0.001). The analysis of covariance further confirmed that the total ICARS scores decreased more dramatically in the real stimulation group after treatment compared to the sham stimulation group (F = 31.239, p < 0.001). The values of NAA/Cr and Cho/Cr in the cerebellar vermis, bilateral dentate nucleus, and bilateral cerebellar hemisphere increased significantly in the real stimulation group (p < 0.05), but no significant differences were found in the sham stimulation group (p > 0.05). The analysis of covariance also confirmed the greater change in the real stimulation group. This study also demonstrated that there was a negative correlation between NAA/Cr in the right cerebellar hemisphere and ICARS in the real stimulation group (r = − 0.831, p = 0.02).

Conclusion: The treatment with rTMS over the cerebellum was found to induce changes in the cerebellar local metabolism and microenvironment in the SCA3 patients. The alterations may contribute to the improvement of the symptoms of ataxia in SCA3 patients.

Keywords: cerebellar metabolism, magnetic resonance spectroscopy, repetitive transcranial magnetic stimulation, spinocerebellar ataxia type 3, international cooperative ataxia rating scale


INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3), also known as Machado–Joseph disease (MJD), is one of the most common types of autosomal dominant neurodegenerative disorders. The manifestation of SCA3 mainly includes gait ataxia, postural imbalance, dysarthria, dysphagia, diplopia, and peripheral neuropathy. Since the pathogenesis of SCA3 has not been fully illustrated, there has not been an effective treatment for this disease so far (Li et al., 2015; Matos et al., 2019; Costa, 2020). There is a growing number of studies applying repetitive transcranial magnetic stimulation (rTMS) in the treatment of spinocerebellar ataxias (SCAs) that has shown promising results (Farzan et al., 2013; Jhunjhunwala et al., 2013; Dang et al., 2019; Manor et al., 2019; Benussi et al., 2020; França et al., 2020). Researchers have observed a marked improvement in the 10-m walk tests and the number of steps in tandem gait and diplopia, particularly after the rTMS treatment, accompanied by an improvement in limb ataxia, as evaluated using the International Cooperative Ataxia Rating Scale (ICARS) (Benussi et al., 2020). Though rTMS can improve the symptoms of SCAs, the mechanism for the improvement is unclear. The previous studies have shown that the therapeutic effect of rTMS on cerebellar ataxia may be due to either the cerebellar modulation of motor cortex excitability by rTMS involving the cerebellar-thalamus-cortical (CTC) pathway (Sanna et al., 2021) or the reduction of oxidative stress, the increase of cerebellar hemispheric blood flow (Ihara et al., 2005), and the effects on cerebellar-cortical plasticity (Song et al., 2020). The magnetic resonance spectroscopy (MRS) provides a non-ionizing and non-invasive method to measure the alteration of cerebellar metabolism (Hall et al., 2012), which has been widely used in the cross-sectional studies of SCAs and admitted as a reliable means in the assessment of the efficacy of SCAs (Lei et al., 2011; Lirng et al., 2012; Adanyeguh et al., 2015; Krahe et al., 2020). Therefore, applying MRS in the detection of the alteration of cerebellar metabolism before and after the rTMS in the SCA3 patients is suitable.

In view of the foregoing, a prospective, randomized, double-blind, sham-controlled study was conducted to investigate the effects of low-frequency rTMS on local intracerebral metabolism in the patients with SCA3 as well as the possible correlation between the alteration of cerebellar metabolism and the improvement of ataxia.



MATERIALS AND METHODS


Ethical Approval and Patient Recruitment

This study was approved by the ethics committee of the First Affiliated Hospital of Fujian Medical University (MRCTA, ECFAH of [2018]201). The registration was recorded in the Chinese Clinical Trial Registry with a unique identifier: ChiCTR1800020133. All the participants signed the informed consent form and any relevant documents. The recruitment of these participants began in December 2018 and ended in October 2019 at the First Affiliated Hospital of Fujian Medical University. The eligibility criteria for the participants were as follows: (1) patients diagnosed with SCA3 and having detectable clinical manifestations; (2) SCA3 patients aged 20–80 years. The participant exclusion criteria were as follows: (1) diagnosed with concomitant epilepsy and dementia (MMSE < 25) or any unstable medical disorder; (2) undergoing neuroleptics or any other current clinical study; (3) a history of seizure, heat convulsion, head injury, neurosurgical interventions, or any metal in the head (outside the mouth); (4) a history of unstable hypertension; (5) a known history of any metallic particles in the eye, implanted cardiac pacemaker, implanted neurostimulators, surgical clips (above the shoulder line), or medical pumps; (6) a history of frequent or severe headaches; (7) a history of migraine, hearing loss, cochlear implants, drug abuse, or alcoholism; and (8) pregnancy or the possibility of pregnancy. The age of onset was defined as the age at which the symptoms associated with SCA3 were first noted by the patient or a close care provider. The duration of the disease was considered to be the time between the age of onset and the age of initial diagnosis.



Study Design and Treatment Protocol

This study was a double-blind, prospective, randomized, sham-controlled trial. A total of 18 SCA3 patients were randomly allocated to the real or sham stimulation groups using the random number table method (Lim and In, 2019).

A commercially available stimulator (YIDUIDE CCY-I magnetic field stimulator) was utilized for the stimulation in both groups. This trial was completed by 18 (100%) patients. We allocated nine participants (50%) to the real stimulation group; each participant underwent 30 min of 1 Hz rTMS stimulation (a total of 900 pulses) for 15 consecutive days. A total of 9 participants (50%) were assigned to the sham stimulation group; the parameters in the rTMS prescription were the same as those in the real stimulation group. The stimulation coil was placed tangentially above the scalp and centered on the inion in the real stimulation group or vertically in the sham stimulation group (4 cm to the right of the inion and 4 cm to the left of the inion) (Shiga et al., 2002).



Evaluation

The evaluation was done by the trained study staff, who were blind to both intervention arms. The primary outcome measurement was the score of the ICARS (Trouillas et al., 1997). The ICARS is a 100-point scale including 19 items divided into four subscales: postural and gait (PG), limb kinetic function (KF), speech disorders (DS), and oculomotor disorders (OMS). The higher the score is, the poorer the performance is considered to be. The participants’ performance was evaluated using the ICARS both before and after the stimulus was applied. The secondary outcome measure was taken on the local cerebellar metabolites consisting of the value of N-acetyl aspartate (NAA)/creatine (Cr), and choline complex (Cho)/Cr, detected by a proton magnetic resonance wave (1H-MRS), using a 3.0-Tesla Siemens Skyra scanner before and after the stimulation. The routine sagittal T1-weighted, coronal T1-weighted, and axial T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) sequences were adopted in the multi-planar anatomical positioning of the voxel of interest (VOI). The multi-voxel 1H-MRS sequence was acquired using the following scan parameters: repetition time (TR) = 1,700 ms, echo time (TE) = 135 ms, bandwidth = 1,200 Hz, voxel size = 6.3 mm × 6.3 mm × 15 mm, and total acquisition time = 6 min 53 s. The VOI for each participant was placed at the largest level of the cerebellum, including the bilateral dentate nucleus, cerebellar hemispheres, and the vermis of the cerebellum. The peak areas for NAA at 2.02 parts per million (ppm), Cho at 3.22 ppm, and Cr at 3.03 ppm were automatically calculated by the post-processing software provided by the machine manufacturer. Then, the metabolite intensity ratios, including NAA/Cr and Cho/Cr, for each voxel were acquired. The selection criteria for the voxels in the VOI were as follows: only the voxel with the largest NAA amplitude and good wave quality was selected for analysis when there were multiple voxels simultaneously excited within the VOI.



Data Processing and Statistical Analyses

The analysis of the primary outcome was based on the intention-to-treat principle. Due to the lack of MRS data, the secondary outcome was based on as-treated analysis (Langezaal et al., 2021). Data normality was determined by the Shapiro–Wilk tests in all the analyses. For comparisons of the baseline data between the two groups, a Fisher’s exact test was used to analyze gender distribution. To separately compare the pre- and post-stimulation data (MRS data and ICARS score) in the real and sham groups, paired-sample t-tests and Wilcoxon signed-rank tests were used in the analyses of normal and abnormal data, respectively. The consecutive variables were analyzed by independent samples t-tests for normal data, and Mann–Whitney U tests were used for assessing abnormal data. To confirm the robustness of the primary findings, we used the analysis of covariance to fit additional models with the mean change in the assessment metrics (ICARS and MRS) after the treatment session as the dependent variable, the treatment group as the independent variable, and the corresponding baseline scores as covariates. Pearson correlation analysis was performed to assess the relationship between the MRS data and ICARS scores. The above statistics were analyzed and processed using SPSS 27.0 (SPSS Inc., Chicago, IL, United States). The level of significance was established as p < 0.05.




RESULTS

A total of 18 patients participated in this study; nine were randomly assigned to the real stimulation group and nine to the sham stimulation group. No participant dropped out of the study in the sham stimulation group; two participants in the real stimulation group were not included in the imaging data because they were unable to cooperate with the second MRS examination. The flow chart representing all the participants is presented in Figure 1. All the participants tolerated the intervention without significant adverse effects throughout the study. There were no significant differences between the two groups for any of the baseline indicators, including age (p = 0.37), gender distribution (p = 1.00), age of onset (p = 0.38), disease duration (p = 0.95), NAA/Cr, Cho/Cr ratios, as well as the ICARS scores (Tables 1–3).
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FIGURE 1. Schematic diagram of the research process. Nine individuals were randomly assigned to the low-frequency rTMS intervention, nine were assigned to the sham intervention, and zero dropped out of the experiment, but two participants in the real stimulation group were not included in the imaging data because they were unable to cooperate with the second MRS examination.



TABLE 1. The analysis of baseline data from the patients with SCA3.
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TABLE 2. The comparison of scores of ICARS and its four subscales’ domain before and after stimulation in the real and sham intervention groups.
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TABLE 3. The NAA/Cr and Cho/Cr values in the real and sham interventions before and after stimulation.
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The ICARS scores significantly decreased after treatment in both the groups, while the decrease was more significant in the real stimulation group compared to the sham stimulation group (p < 0.001) (Figure 2; the comparison of scores of ICARS and its four subscales’ domain before and after stimulation in the real and sham intervention groups are provided in Table 2). To confirm the robustness of the primary findings, we used the analysis of covariance. The total ICARS scores decreased more dramatically in the real group after treatment compared to the sham group (F = 31.239, p < 0.001), and three of the four subscales’ domain scores had the same decreased pattern as the total ICARS scores as follows: PG (F = 13.037, p = 0.003), KF (F = 22.679, p < 0.001), DS (no statistical analysis was performed because there was no change in the results before and after), OMS (F = 0.261, p = 0.617).
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FIGURE 2. Changes in ICARS score before and after treatment in both groups of real and sham stimulation. The comparison between pre and post stimulation in both groups, respectively (A). The comparison of difference in ICARS (△ICARS) after the stimulation between real and sham stimulation groups (B). *Indicates the significant difference.


In the real stimulation group, after 15 consecutive days of low-frequency rTMS treatment, the NAA/Cr values in the cerebellar vermis, left and right lateral in the cerebellar hemispheres, and dentate nuclei were all significantly elevated, compared with those before treatment (p < 0.05) (Table 3 and Figure 3A). The Cho/Cr values in the above-mentioned brain regions were also obviously elevated compared to those before treatment (p < 0.05) (Table 3 and Figure 3B); on the other hand, in the sham stimulation group, there were no significant differences in either the NAA/Cr and Cho/Cr values in the brain regions noted above both before and after stimulation (Table 3 and Figure 4). The elevations in the NAA/Cr and Cho/Cr values after the stimulation were significantly higher in the real stimulation group than in the sham stimulation group (Table 3). The mean change in MRS after treatment using covariance (ANCOVA) showed that the NAA/Cr and Cho/Cr values increased after treatment in the real group compared to the respective scores in the sham group (Ce-NAA/Cr: F = 72.4, p < 0.001; Ce-Cho/Cr: F = 73.70, p < 0.001; L-CH-NAA/Cr: F = 10.38, p = 0.007; L-CH-Cho/Cr: F = 9.41, p = 0.009; R-CH-NAA/Cr: F = 22.6, p < 0.001; R-CH-Cho/Cr: F = 16.14, p = 0.001; L-DN-NAA/Cr: F = 48.24, p < 0.001; L-DN-Cho/Cr: F = 61.41, p < 0.001; R-DN-NAA/Cr: F = 25.2, p < 0.001; R-DN-Cho/Cr: F = 61.15, p < 0.001) (Refer to Table 3 for abbreviations).
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FIGURE 3. Changes in the values of NAA/Cr (A), and Cho/Cr (B) in cerebellar vermis, left and right cerebellar hemisphere, left and right dentate nucleus before and after treatment in the real stimulation group. (Ce representing the cerebellar vermis; L-CH representing the left cerebellar hemisphere; R-CH representing the right cerebellar hemisphere L-DN represents the left dentate nucleus; R-DN represents the right dentate nucleus). *Indicates the significant difference in the comparison between pre and post stimulation.
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FIGURE 4. Changes in the values of NAA/Cr (A), and Cho/Cr (B) in cerebellar vermis, left and right cerebellar hemisphere, left and right dentate nucleus before and after treatment in the sham stimulation group (Ce representing the cerebellar vermis; L-CH representing the left cerebellar hemisphere; R-CH representing the right cerebellar hemisphere L-DN represents the left dentate nucleus; R-DN represents the right dentate nucleus).


In the real stimulation group, the NAA/Cr value changes in the right cerebellar hemisphere were negatively correlated with the changes in the ICARS scores (r = − 0.831, p = 0.02), while the changes in the NAA/Cr values in the left cerebellar hemisphere did not correlate with the changes in the ICARS scores (r = − 0.495, p = 0.259). No other correlation existed between the remaining indicators.



DISCUSSION

In this study, we conducted a randomized, double-blind, controlled trial among SCA3 patients and found that after the low-frequency rTMS intervention, the NAA/Cr and Cho/Cr values increased and the ataxia symptoms improved. In addition, there was a correlation between the changes in the NAA/Cr values and ICARS scores. Investigating the changes of cerebellar neurochemicals in the SCA3 patients under rTMS intervention is an innovation developed in recent years.

In clinical practice, MRS can non-invasively detect changes in metabolite concentrations in the brain tissue and accurately detect NAA, Cho, and Cr in the brain, providing reliable biomarkers for SCA3 (Matos et al., 2019). The NAA represents neuronal viability and integrity (Wang et al., 2012), and creatine (Cr) reflects energy metabolism in the brain (Wang et al., 2012); Cr concentrations in the brain tissue are high and relatively stable. Therefore, NAA and Cr can be used as a reference for comparison between the groups. Choline (Cho) is a marker of cell renewal (Bridges et al., 2018). NAA/Cr indicates neuronal function at the test site, and Cho/Cr reflects glial cell function; therefore, NAA/Cr and Cho/Cr can be used as indicators for neuronal and myelin integrity (Cuypers and Marsman, 2021). Significant pathological damage and atrophy in the patients with SCAs have been shown to result in neuronal loss/dysfunction, and therefore, a decrease in the NAA and Glu (Adanyeguh et al., 2015).

There are studies on the changes in the cerebellar neurometabolites in some diseases under low-frequency rTMS intervention. However, there were no published studies on the changes in the cerebellar neurometabolites in the SCA3 patients with low-frequency rTMS intervention. For the treatment of cognitive function associated with cranial injury, the patient’s MRS showed a decrease in both NAA/Cr and Cho/Cr ratios (Zhou et al., 2021). Low-frequency rTMS interfered with N-acetyl aspartate (NAAG) synthesis and cell turnover (Bridges et al., 2018) as well as increased NAA levels in the prefrontal and striatal lobes (Hone-Blanchet et al., 2017). Low-frequency rTMS leads to selective changes in the glutamate and gamma-aminobutyric acid concentrations in different brain regions (Yue et al., 2009). It may improve the metabolic activity of NAA and other neuronal cells by stimulating the cortical neurons.

The mechanism by which rTMS affects the neural metabolism in the brain of SCA patients can be explained as follows: low-frequency rTMS inhibits cortical excitability. However, a previous study showed that 1 Hz rTMS led to an increase in the NAA rather than the expected decrease, which may be due to an in vivo homeostatic mechanism wherein inhibitory 1 Hz rTMS may paradoxically induce an increase instead of a decrease in the local activity (Fregni et al., 2011). Research has shown that low-frequency rTMS increased brain-derived neurotrophic factor content and nerve growth factor expression, resulting in increased neurometabolic substances (Tan et al., 2013). Among them, the increase in the tCho/tCr ratio may be related to underlying neuroplasticity processes (Flamez et al., 2019). Studies have shown that rTMS can improve motor function in patients, likely because continuous stimulation with rTMS at the same frequency and intensity can cause uninterrupted excitation or inhibition of neuronal cells, allowing neural networks to reorganize after brain injury, and thus improving clinical symptoms (Zhou et al., 2021). From this, we can speculate that the possible mechanism of low-frequency rTMS in treating SCA3 patients should improve neuronal cell function by modulating the ability of gene expression and regulating the expression of various growth factors.

The Scale for the Assessment and Rating of Ataxia (SARA) is currently the tool of choice to demonstrate the efficacy of the SCA3 disease improvement or symptomatic treatment for ataxia, the most important disease feature, and numerous clinical studies have identified SARA as the preferred method (Saute and Jardim, 2018; Lin et al., 2019; Diallo et al., 2021; Maas et al., 2021). It has also been shown that ICARS and SARA are reliable and valid scales for assessing the severity of ataxia in patients with SCA3/MJD and that the most appropriate scale can be selected according to specific requirements (Zhou et al., 2011). ICARS shows very high inter-rater reliability and is sensitive to a wide range of ataxia symptoms, from very mild to severe (Zhou et al., 2011). There is a correlation between it and the degree of cerebellar lesions (Xing et al., 2017). ICARS outperforms SARA in terms of responsiveness in SCA patients (Perez-Lloret et al., 2021), and many interventional studies have used ICARS alone (Peng et al., 2019; de Oliveira et al., 2021; Leotti et al., 2021), thus, we ultimately chose to use ICARS as the primary clinical outcome parameter.

Both the real and sham groups demonstrated improvement in the ICARS scores. There are many possible reasons behind the improvement in the sham group. First, there may be a placebo effect, which is very common in the intervention studies of cerebellar degeneration (Bier et al., 2003; Zesiewicz et al., 2012); the sham stimulation produced the same noise as the real stimulation and had some scalp perception. Patients were unaware of the difference between the real and sham stimulation because no patient had previously experienced real stimulation. Therefore, patients undergoing sham stimulation did not notice that they were receiving inactive stimulation. Second, all patients were under the supervision of clinical research staff during the study period, which may have been more than their normal care. This may have induced underlying psychological factors in the patients that could have produced a significant treatment effect (Manor et al., 2019). Third, repeated assessment of ICARS over a short time may lead to patient proficiency in the assessment methods, which may then produce improved effects beyond stimulation. We also found an interaction between time and intervention in our results, which suggests a difference in the trend of the outcomes ICARS over time in the two groups. The effect of true stimulation may become more significant as the duration of the intervention increases, but we measured only one time point after treatment, so there may be bias.

Nevertheless, this study has several limitations. First, given that the sample size was small, the evidence collected was limited. Second, since the participants did not receive follow-up care after the study, we were not able to measure the long-term efficacy of low-frequency rTMS on the cerebellar metabolites. Third, although the participants were blind to the assigned treatment, we used a true coil in the sham stimulation group, placed differently than in the real stimulation group, and the patients might have become aware of this difference during the study. This limitation needs to be considered regarding the generalization of the study results. Finally, we conducted a double-blind trial, but the therapist doing the rTMS was not blinded, which may affect the objectivity of the study.



CONCLUSION

Overall, the treatment with rTMS over the cerebellum induced changes in cerebellar local metabolism and microenvironment in SCA3 patients. The alterations may contribute to the improvement of the ataxia symptoms in SCA3 patients.
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cortical or subcortical brain regions (Liotti et al., 2003; Mure et al., 2012)
Cognitive: execution function, connected to diverse cortical and
subcortical regions (Gan et al., 2020; Nakamura et al., 2001)
Sensorimotor and cognitive function, abnormal activity in PD (Rascol
etal., 1997; Yu et al., 2007)

Both cognitive and motor: integration of sensory and motor, controls
movement. Impaired function in PD (Bagnato et al., 2006)
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Biundo et al.
(2015)

Lawrence et al.
(2018)

Closed loop tES

Brittain et al.
(2013)

tbCo+
computer
training

24 PD-MCI

tDCS+
computer
training

38 PD-MCI

tACS

4, increase; |, decrease.
M1: primary motor cortex; DLPFC: dorsal lateral prefrontal cortex; PFC: prefrontal cortex; SMA: supplementary motor area; TUG: Timed Up & Go test; FOG: freezing of
gait; PD-CRS: The Parkinson’s Disease-Cognitive Rating Scale; HHB: hemoglobin.

14 tremor-dominant
Parkinson’s disease

Anode :individual left DLPFC
cathode: contralateral
supraorbital region.

According to EEG 10/20
system region anode: F3
cathode: FP2

Stimulation electrode:
hotspot of contralateral motor

region for the most pronounced

tremor muscles in the most

affected upper limb reference

electrode: shoulder
contralateral to the stimulation
electrode

Left DLPFC

Left DLPFC

M1

Placebo-controlled, double
blind, crossover (active
tDCS/sham tDCS) 20 min
active/sham+10 min CT
per day, 4 days per week, 4
weeks

Controlled, double blind,
randomized 1.5 mA, once a
week, 4 weeks, 20 min per
session.

Placebo-controlled, double
blind, crossover (tACS with
nearest tremor frequency,
tACS with double tremor
frequency, sham) 10 min,
2 mA

After 4 weeks of
stimulation: attention |
execution functions | at
week 16: story learning
test 4+ immediate memory
indext

Standard Computer
training+ tDCS: executive
functiont attention/working
memoryt memoryt
languaget activities of daily
livingt tailored computer
training+ tDCS: executive
functiont memory+t
languaget tDCS:
attention/working memory
memoryt

Tremor amplitude depends
on the phase alignment
between tACS and tremor
signals Individualized
closed loop tACS: 42% |, in
rest tremor.
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tES combined with other interventions

Ferrucci et al.
(2016)

Chang et al.
(2017)

Guerra et al.
(2020)

Kaski et al.
(2014)

Conceicao
et al. (2021)

Fernandez-
Lago et al.
(2017)

Manenti et al.
(2016)

Del Felice et al.

(2019)

hd tDCS with 9 PD with LIDs

drug

tACS+ TMS 32 PD with FOG

iTBS + tACS 16 PD, 16 healthy
control

tDCS+ physical 16 PD

training

tDCS+ aerobic 13 PD (only 7

exercise analyzed)

tDCS+ 18 PD

treadmill

walking

tDCS+ physical 20 PD-MCI

training

tACS+ physical 15 PD and 21

training healthy subjects

According to EEG 10/20

system M1 tDCS: stimulation

electrode: C3 and C4 return

electrode: right deltoid muscle

cerebellar tDCS: stimulating
electrode: cerebellum return
electrode: buccinator muscle

According to EEG 10/20
system region for tACS
stimulation electrode: F3
reference electrode: FP2

Stimulating electrode:
centered over the first dorsal

interosseus hotspot reference

electrode :Pz

Stimulation electrode: a

region 10%-20% anterior to Cz

as measured from the midline
of the electrode reference
electrode: inion

According EGG 10-20 system

Anode:F3/F4 (contralateral to
most affected body side)
cathode: FP2 or FP1
(contralateral to anode)

Anode: in the hotspot of the
tibialis anterior muscle over
motor cortex contralateral to
the most affected body side
cathode: supraorbital region
contralateral to anode.
According to EGG 10-20
system anode: F3/F4
(contralateral to the most
affected body side) cathode:
FP2/FP1 (contralateral to the
anode)

Stimulation electrode : brain

region where power spectral
difference detected between
patient and healthy controls,
including
FC1,FC5,C3,C4,F3,CP5 and
PZ. reference electrode:
ipsilateral mastoid

M1 cerebellar

Left DLPFC

M1

SMA

Personalized
unilateral
DLPFC

M1

Personalized
unilateral
DLPFC

Personalized

Placebo-controlled, double
blind, crossover (sham,
cerebellar tDCS, M1 tDCS)
2 mA, 1 session per day, 5
continuous days, 20 min
each session. Each
condition at least 1 month
separation.

Placebo-controlled, double
blind, randomized, 1 mA
tACS, 1 session per day, 5
consecutive days, 20 min
each session.

Placebo-controlled, double
blind, crossover

(ytACS70 Hz,BtACS20 Hz,
sham), 1 session per
condition, approximately 3
mins and 30 s per session
Sham-controlled, double
blind, randomized,2 mA,
physical training +tDCS
and tDCS group, 15 min
each group

Placebo-controlled, double
blind, cro20 min for each
session,

Placebo-controlled, double
blind, crossover (treadmill,
treadmill4 active tDCS,
treadmill4+- sham tDCS)

2 mA, 20 min each session

Placebo-controlled, double
blind, randomized 2 mA
tDCS per day 5 days per
week 2 weeks

Placebo-controlled, double
blind, randomized,
crossover (active tACS,
sham) 1 mA minimum and
2 mA maximum in
sinusoidal current relative
B excess: 4 Hz; relative 6
excess: 30 Hz, 30 min per
day, 5 days per week, 2
weeks one session, with an
8 weeks separation
between sessions.

UPDRS IV scoret

Executive functiont in
dual-mode PD subjects
group compared to rTMS
group

iTBS-induced plasticity |in
the iTBS-sham tACS
session in patients, iTBS-y
tACS1 abnormal plasticity,
no long-lasting changes
induced in M1 excitability
tDCS+ physical training:
gait speedt gait
performancet TUG
completing time|, 6-minute
walk test completing time,
time needed to regain
stability in pull test| .
Aerobic exercise +
active-tDCS session:
choice reaction time|, step
time variability |, relative
Hemoglobin levels in the
stimulated hemisphere |,
No significant changes
were found before and after
under the tDCS+ treadmill
condition.

tDCS+ physical therapy:
PD-CRS frontal-subcortical
scalet PD-CRS total
scalet and verbal fluencyt
PD-CRS frontal-subcortical
scale and verbal fluency
showed a long lasting effect
of tDCS even 3 months
after stimulation.

Theta tACS stimulation
showed bradykinesia item
score], MOCA? only theta
stimulation at right
sensorimotor area and left
frontal have additional
neurophysiological
changes: EEG frequencies





OPS/images/fnagi-14-880897/fnagi-14-880897-t001a.jpg
References

Stimulation
method

Novel stimulation modes
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Multitarget, hd

tDCS

Multitarget, hd

tDCS

tACS

B tACS and y
tACS

tACS

tPCS+
treadmill

tRNS

tRNS

Subjects (n)

20 PD with FOG

77 PD with FOG

23 PD

18 PD, 16 healthy
subjects

10 PD-MCI, 10
healthy subjects

10 PD with FOG

10 PD-MCI

8 non-tremor-
dominant idiopathic
PD

Electrode montage

According to the 10-20 EEG
system anodes: Cz, F3
cathodes: AF4, CP1, FC1,
FC5

According to the 10-20 EEG
system anodes: Cz, F3
cathodes: AF4, CP1, FC1,
FC5

Stimulation electrode: frontal
reference electrodes:
bilateral mastoids

According to the 10-20 EEG
system stimulation
electrode: centered over the
First dorsal interosseus hotspot
reference electrode: Pz

Stimulation electrode: above
the M1 hot spot reference
electrode: supraorbital region
contralateral to the stimulation
electrode.

Positive electrode: right M1
reference electrode: left
supraorbital area.

Stimulation electrode: left M1
reference electrode:
contralateral shoulder.

Stimulation electrode: hot
spot representing the largest
reproducible MEP-response of
the contralateral ADM,
reference
electrode:contralateral
supraorbital region

Targeted
brain regions

M1 Left DLPFC

M1 Left DLPFC

PFC

M1

M1

M1

M1

M1

Study design for tES

Placebo-controlled, double
blind, crossover (M1 tDCS,
multitarget tDCS, sham)
20 minutes each session

Sham-controlled,
double-blinded,
randomized, 5 sessions per
week, 2 weeks then 1
session per week, 5 weeks.
20 minutes each session

Sham-controlled,
double-blinded,
randomized, 77.5 Hz,

156 mA, 5 continuous
stimulation sessions, 2
days break, followed by
another 5-day session.

45 min per day.
Placebo-controlled, double
blind, crossover (20 Hz,

70 Hz, sham in a session; 2
sessions on and off
medication) 1 mA tACS.
Each session = 3 blocks
15 s of task under each
stimulation per

block+ 4 min each
stimulation together with
T™S

Placebo-controlled, double
blind, crossover (10 Hz,

20 Hz, sham) 1 mA, 15 min
each session

Sham-controlled,
double-blinded,
monophasic, both pulse
duration and interpulse
intervals are 33.3 ps. week
120 min tPCS, week 2

20 min treadmill walking,
third week 20 min tPCS.
Placebo-controlled, double
blind, randomized,
crossover (active tRNS,
sham) 1.5 mA randomly
oscillating between
100-600 Hz 15 min each
session

Double blind, + 600 pA,
maximum 640 Hz, 10 min

Results

FOG provoking test scoret
gait speed TUG
performance? accuracy of
Stroop testt

FOG provoking test:no
improvements Likert global
impression scalet daily
living step counts?. Mild to
moderate PD patients
revealed greater
improvement and showed
reduction in time
completing FOG provoking
test.

Total off-medication UPDRS
I-lll: no improvements

Patients on medication:
movement velocity |
movement amplitude
during B tACS compared to
y tACS. short interval
intracortical inhibition
(SICl){ in patients than HS

20 Hz tACS : finger
tapping amplitude
variation] CMC amplitude,

tPCS session: gait speed
and amplitudet, steps
backward] treadmill
session: forward step
lengtht tPCS + treadmill
session: steps forward |,

UPDRS totalt UPDRS
lateralized right and left
scoret

Cortical excitability |
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Main effect of stimulation Main effect of test Interaction
F(2:40) P 1,2 F(2,40) P B2 F(4,80) P B2

Commission error 21318 <0001 0516 11.778 <0.001 0371 4781 0.002 0.193
Omission error 14.621 <0.001 0.422 2.460 0.008 0.110 3971 0015 0.166
RT Mean 2.486 0,096 0.411 2313 0112 0104 5.408 0.001 0.213
sD 5.444 0.008 0214 2380 0128 0.106 4043 0.005 0.168

Commission error slope 1444 0.248 0.067 1981 0151 0,090 2032 0421 0.092
Omission error slope 0.251 0.779 0.012 2452 0099 0109 2636 0062 0.116
RT slope Mean 0.689 0508 0.033 4034 0.025 0.168 1145 0341 0.054
sD 0.691 0.507 0.033 1067 0.353 0.051 0980 0423 0.047

Power at 0.05 Hz 4987.964 <0.001 0.99 1056.153 <0.001 0.981 1161539 <0.001 0.983

The GOl Vatos TeEnE b -

0.05.
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P7: —1,705 pA
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c2

AF3: 864 pA
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C4:1,291 pA
F4: 1,179 pA
FC6: —966 pA
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Oz: —396 pA
Cz: —1,639 pA
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Snapshot SNP
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Active + CT(n = 16)

S

ham + CT(n = 15)

Control (n = 15)

Gender 13 Men, 3 Women 13 Men, 2 Women 11 Men, 4 Women
Race 5 White, 11 Black 7 White, 8 Black 5 White, 10 Black
Mean SD Mean SD Mean SD
Age (years) 57.06 4.99 58.80 413 61.07 6.28
Education (years) 11.94 3.45 14.00 3.59 13.33 3.39
WTAR VIQ?2 96.75 14.56 102.40 16.10 95.93 14.84
WAIS-IV forward® 8.31 1.66 9.67 213 8.27 222
WAIS-IV backward 6.56 1:65 7.53 2.75 7.00 1.93
WAIS-IV sequence 7.44 187 7.73 2.69 6.93 1.98
WAIS-IV total 22.31 3.96 24.93 6.75 222 4.92
WMS-IV symbol span 16.13 5.10 16.07 7.42 12.53 4.05
Simple reaction time (ms) 638.31 123.37 620.87 127.66 653.84 122.89
Choice reaction time (ms) 538.63 99.33 £528.83 90.756 542.64 12229
HVLT total 21.69 3.16 20.40 5.90 19.563 3.83
HVLT delayed 6.81 2.56 6.47 2.48 5.60 2.50
BVMT total 14.50 4.66 15.13 8.63 11.80 6.93
BVMT delayed 6.38 2.78 6.40 3.46 4.53 3.44
Trails A 42.81 16.37 43.93 20.10 46.20 11.01
Trails B 98.88 33.40 117.53 40.20 117.73 37.45
Pegs R 99.50 22.96 94.73 21.35 101.47 23.05
WAIS-IV coding 48.94 9.28 51.67 13.70 46.07 16:52
Stroop 29.69 6.98 32.27 9.66 24.80 9.87
IGT -6.67 22.84 7.73 26.70 —4.67 29.51
MMT 11.94 2.59 13.563 3.56 11.63 4.53
UPSA 79.75 10.71 80.20 16.40 76.73 13.72

AWTAR VIQ, Wechsler Test of Adult Reading estimated verbal IQ.

PYWAIS-IV Forward, Wechsler Adult Intelligence Scale, 4th Ed (WAIS-IV) Digit Span Forward subtest; WAIS-IV Backward, WAIS-IV Digit Span Backward subtest; WAIS-
IV Sequence, WAIS-IV Sequencing subtest; WAIS-IV Total, WAIS-IV Digit Span total of three subtests;, WMS-IV Symbol, Wechsler Memory Scale, 4th ed, Symbol
Span subtest; Simple Reaction Time, California Computerized Assessment Package Simple Reaction task; Choice Reaction Time, California Computerized Assessment
Package Choice Reaction task; HVLT Total, Hopkins Verbal Learning Test total score; HVLT Delayed, Hopkins Verbal Learning Test delayed recall score; BVMT Total, Brief
Visuospatial Memory Test-Revised total score; BVMT Delayed, Brief Visuospatial Memory Test-Revised delayed recall score; Trails A, Trail Making Test, Part A; Trails B, Trail
Making Test, Part B; Pegs R, Grooved Pegboard, right hand performance; WAIS-IV Coding, WAIS-1V Coding subtest; Stroop, Stroop Color-Word test score; IGT, lowa
Gambling Task Net Total score; Verbal Fluency, DKEFS Category Fluency subtest; Design Fluence, DKEFS Design Fluency subtest; MMT, Medication Management
Test—Revised score; UPSA Total, UCSD Performance-Based Skills Assessment; subtest.
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Frequency

Theta (4-8 Hz)

Alpha (9-12 Hz)

Channel

Fp1
Fp2
F3
F4
Fp1
Fp2
F3
F4

Main effect

Block (block 2 > block 1, block 3 > block 1, p < 0.05)
Block (block 2 > block 1, block 3 > block 1, p < 0.05)
Block (block 2 > block 1, block 3 > block 1, p < 0.05)
/

/

Block (block 3 > block 1, p < 0.05)

/

/

Pairwise comparisons

/

For four-back, block 3 > block 1 (p < 0.05) in the LP group
For three-back, block 3 > block 1 (p < 0.05) in the LP group
/

/

For three-back, block 3 > block 1 (p < 0.05) in the LP group
/

/
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X2 df pb d

WAIS-IV forward? 9.03 4 0.06 0.99
WAIS-IV backward 2.56 4 0.82 0.38
WAIS-IV sequence 4.06 4 0.40 0.62
WAIS-IV total 6.55 4 0.16 0.82
WMS-IV symbol span 2.79 4 0.59 0.51

Simple reaction time 0.18 4 0.66 018
Choice reaction time 0.29 4 0.59 0.16
Trails A 1.14 4 0.89 0.32
Trails B 3.85 4 0.43 0.60
Pegs R 4.54 4 0.34 (0.66)
WAIS-IV coding 11.80 4 0.02 117
HVLT total 4.37 4 0.36 0.65
HVLT Delayed 213 4 0.71 0.44
BVMT total (note) 6.86 4 0.14 0.84
BVMT delayed 0.81 4 0.94 0.27
Stroop 9.64 4 0.046 1.03
IGT net total 5.34 4 0.25 0.73
Verbal fluency 5.84 4 0.21 0.76
Design fluency 5.94 4 0.20 0.77
MMT 2.30 4 0.68 0.46
UPSA total 2.40 4 0.66 0.02

aWAIS-IV Forward, Wechsler Adult Intelligence Scale, 4th Ed (WAIS-1V) Digit Span
Forward subtest; WAIS-IV Backward, WAIS-IV Digit Span Backward subtest;
WAIS-IV Sequence, WAIS-IV Sequencing subtest; WAIS-IV Total, WAIS-IV Digit
Span total of three subtests; WMS-IV Symbol, Wechsler Memory Scale, 4th ed,
Symbol Span subtest; Simple Reaction Time, California Computerized Assessment
Package Simple Reaction task; Choice Reaction Time, California Computerized
Assessment Package Choice Reaction task; HVLT Total, Hopkins Verbal Learning
Test total score; HVLT Delayed, Hopkins Verbal Learning Test delayed recall
score; BYMT Total, Brief Visuospatial Memory Test-Revised total score; BVMT
Delayed, Brief Visuospatial Memory Test—Revised delayed recall score; Trails
A, Trail Making Test, Part A; Trails B, Trail Making Test, Part B, Pegs R, Grooved
Pegboard, right hand performance; WAIS-IV Coding, WAIS-IV Coding subtest;
Stroop, Stroop Color-Word test score; IGT, lowa Gambling Task Net Total score;
Verbal Fluency, DKEFS Category Fluency subtest; Design Fluence, DKEFS Design
Fluency subtest; MMT, Medication Management Test—Revised score; UPSA
Total, UCSD Performance-Based Skills Assessment; subtest.

b Probability values less than 0.10 are in bold type.
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Test Component (CSP) Frequency band Mi

Three-back CSP3 0 0.2677
CSP1 o 0.3264
CSPO B 0.1241
CSPO y 0.1436
Four-back CSP2 0 0.2808
CSP3 o 0.2636
CSPO B 0.1395
CSPO y 0.1921

CSP, common spatial pattern; MI, mutual information. The bold text indicates the
spatio-frequency modes with the largest Ml values.





OPS/images/fnagi-13-725013/cross.jpg
3,

i





OPS/images/fnagi-14-828377/fnagi-14-828377-i000.jpg





OPS/images/fnagi-14-828377/fnagi-14-828377-i001.jpg
105 1)





OPS/images/fnagi-14-828377/fnagi-14-828377-i002.jpg





OPS/images/fnagi-14-828377/fnagi-14-828377-i003.jpg
W eR¥





OPS/images/fnagi-14-828377/fnagi-14-828377-g007.jpg
Four-back target-ACC Five-back target-ACC

Three-back target-ACC

8 Hz

sham

40 Hz

8 Hz

100 =

sham

(%) DD V-193ae)

40 Hz

348 v+,
ooom { . 000

*

2

2() =

Dt &«
oy el Naw

X

X O
NE o SRR

120 =

8 Hz

100 =

sham

=
o

S
=)

—
-

(%) DDOV-198ae)

40 Hz

I
=
Q

*

e

120 ==

100 =

8() ==

60 =

I
=
<+

(%) DDOV-198ae)

[
=
Q

Five-back RT

Four-back RT

Three-back RT

8 Hz

sham

40 Hz

*

8 Hz

sham

40 Hz

X

*

2.0

8 Hz

sham

40 Hz






OPS/images/fnagi-14-828377/fnagi-14-828377-g008.jpg
improvement in target-A CC(%)

improvement in RT(s)

Three-back improvement in

target-ACC
%
6() ==
* @ 8§ Hz
4() == = sham
‘.. = .
Lo ** + 40 Hz
— L 2
o
= I T
- [l :’§
" :
&
| |
=2() w
~40 == [ I
S8 Hz sham 40 Hz

Three-back improvement in RT

0.4 ==
° 8 Hz
(.2 ==
m sham
L g
0.0 = 5 = e
o® g« ¥ 40 Hz
0.2 q_’ .
-0.4 = =2 $*e
X J
(0] L g
-0.6 == .
-().8 =
'1.0 I I I
8 Hz sham 40 Hz

improvement in RT(s)

improvement in target-ACC(%)

Four-back improvement in

target-ACC
t 3
6() =
% * 8 Hz
.._
4() w= @ sham
H
g : @ 40 Hz
2() = -
= L d
" F F
’ L 2
0 - .
- ¢
- :
=2() == .
-0 == l I
8 Hz sham 40 Hz

Four-back improvement in RT

0.4 ==
® 8 Hz
0.2 =
", = sham
0.0 = o **
ge, - u . . 40 Hz
L
0.2 q_- 3—_ "I'°
L 2
-().4 == ; : . o,
[ PR RS
-(0.6 == .
-().8 =
'1-0 I I I
8 Hz sham 40 Hz

improvement in RT(s)

improvement in target-A CC(%)

Five-back improvement in

60 =

40 =

20 ==

target-ACC
%

%5 g
P4
=2() ==
~40 == I ]
8 Hz sham 40 Hz

Five-back improvement in RT

0.4 ==
& °
0.2 w
- ]
0.0 == . & Ei
oTo E_m il *
-(.2 = @ $ }
'0.4 - m B L S »
o3 : ‘
-0.6 == o
-0.8 =
®
'1.0 I I I
8 Hz sham 40 Hz

8 Hz

sham

40 Hz

8 Hz

sham

40 Hz





OPS/images/fnagi-14-828377/fnagi-14-828377-g009.jpg
target-ACC (%)

target-ACC (%)

target-ACC (%)

Three-back improvement in target-ACC

Three-back target-ACC (LP vs HP) (LP vs HP)
{50 % * % % % %
® LP-8 Hz _ () == £ 3 @ LP-8 Hz
4
100 == S
? R 1. w  HBGH= o * ®  HP-8Hz
- * . A AA W " & 3 60 = b 3
A L] 1
S() = i - sl * v 1. & LP-sham .4; A LP-sham
> @ oy 4() -
v ’ v HP-sham &
60 = - -ham - s Y  HP-sham
p . N =
- 20w
N . LP-40 Hz = * LP-40 Hz
4() = E
° HP40Hz (o 5 5 5 04 R SO R ' o  HP-40 Hy
2() - ;-
.§ -2() =
0 | I | 1 1 | I | 1 1 | I | | I | | | 1 | | |
FF I I e e &S
O~ A0 O A0 O A0 O~ \O O~ \O O A0 / ’ ) =) » N
T T TP O O O &L
» VRS
Four-back improvement in target-ACC
Four-back target-ACC (LP vs HP) (LP vs HP)
% % %
° LP8Hz g * ® LP-8Hz
4
100 == < *
" i w . KBS Kz o —— a HP-8 Hz
NIRRT +§ 2 0T
8() == i - ] " 1 * y J. A LP-Sham é  —— N LP-sham
. v - ED 4() v
60 = n * v Hesham 5 Y  HP-sham
- : - 20
1o . ¢ L& g ¢ LP-40 Hz
4() v ® QE,
o HP-40 Hz g Ouell B ecocecs ° HP-40 Hz
2() = va
.§ -2() =
0 | | | I | | I | i 1 i 1 | | | | I U | |
&\ e;: 8} e;a 81'\ 8;3 &\ 8;’ &\ e;: c*x e;: Q;\) ‘8‘) ‘b& ‘b& Q;\) &
NI O A0 O AO O O O A0 O A0 Q, Q% f-?,Q ,%Q ,@ ,Q
VY VY Y OY O O VQ‘&QS&QS
Five-back improvement in target-ACC
Five-back target-ACC (LP vs HP) (LP vs HP)
# * #
ae
100 = e
v, “ HP8Hz O B HP-8 Hz
m 5 J Eﬂ) 60 =
SO=-4 » % of o A LP-sham é A LP-sham
;P * = 2 40w
6o= | ° - ' ¥ " LR Y HP-sham
= e k=
T , ¢ LP4oHz T HF ¢ LP-40 Hz
4() v 5 @ E
Y ol HP'4OHZ g 0-0 LI LI LI L) e o0 ) o HP'4OHZ
2() = & !a
® g -2( =
0 | | | | | | | | | | | | i | I | | U
SO RPN, OV, TPV SV, SV QRN U, T, V. %& Y &SPy
F P FF T AR T
v S ESs





OPS/xhtml/Nav.xhtml




Contents





		Cover



		ADVANCES AND CHALLENGES OF NON-INVASIVE BRAIN STIMULATION IN AGE-RELATED NEURODEGENERATIVE DISEASES



		Computer-Delivered Cognitive Training and Transcranial Direct Current Stimulation in Patients With HIV-Associated Neurocognitive Disorder: A Randomized Trial



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Procedures



		Recruitment and Determination of Eligibility



		Acceptability



		Cognitive Measures



		Other Self-Report Measures



		Compensation



		Computer-Based Cognitive Training









		Human Subjects Approval and Trial Registration



		Data Analyses









		RESULTS



		Acceptability to Participants



		Cognitive and Functional Outcomes



		Self-Report Outcomes















		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Multifocal Transcranial Direct Current Stimulation Modulates Resting-State Functional Connectivity in Older Adults Depending on the Induced Current Density



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Experimental Design



		Neuropsychological Assessment



		Transcranial Direct Current Stimulation Parameters



		Magnetic Resonance Imaging Acquisition



		Functional Connectivity Analyses



		Functional Connectivity Preprocessing



		Regions of Interest-Based Functional Connectivity Analyses









		Electric Current Computations



		Statistical Analyses



		Functional Connectivity Statistical Analyses



		Electric Current and Further Statistical Examinations















		RESULTS



		Multifocal Transcranial Direct Current Stimulation Effects on Resting-State Functional Magnetic Resonance Imaging



		Electric Current Simulations



		Associations Between Resting-State Functional Magnetic Resonance Imaging Modulation and Induced Electric Current









		DISCUSSION



		LIMITATIONS



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Repetitive Transcranial Magnetic Stimulation for Alzheimer’s Disease Based on Apolipoprotein E Genotyping: Protocol for a Randomized Controlled Study



		INTRODUCTION



		OBJECTIVES



		METHODS



		The Recruitment and Inclusion of Alzheimer’s Disease Patients



		Apolipoprotein E Genotyping



		Randomization and Allocation



		Stratified Randomized Groups









		Repetitive Transcranial Magnetic Stimulation Therapy



		TMS Target: Left Dorsolateral Prefrontal Cortex (L-DLPFC)



		TMS Target: Left Dorsolateral Prefrontal Cortex (L-DLPFC)









		Localization of Transcranial Magnetic Stimulation Target



		Study Process



		Neuropsychological Assessments



		EEG Acquisition and Calculation and Analysis of EEG Metrics



		Outcomes



		Sample Size Calculation



		Quality Control and Quality Assurance



		Biomarker Test of Blood Samples



		Statistical Methods



		Statistical Analysis Methods



		Statistical Hypothesis









		Ethics and Dissemination



		Results in Progress









		DISCUSSION



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Prolonged Continuous Theta Burst Stimulation to Demonstrate a Larger Analgesia as Well as Cortical Excitability Changes Dependent on the Context of a Pain Episode



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Experimental Design and Procedure



		Resting Motor Threshold and Corticospinal Excitability



		Pain Protocol



		Repetitive Transcranial Magnetic Stimulation



		Data Analysis



		Statistical Analyses









		RESULTS



		Effects of Prolonged Continuous Theta-Burst Stimulation on Pain Experience



		Effects of Repetitive Transcranial Magnetic Stimulation on Motorcortical Excitability



		Relationship Between Pain Reduction and Cortical Excitability Changes









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Transcranial Direct Current Stimulation on Different Targets to Modulate Cortical Activity and Dual-Task Walking in Individuals With Parkinson’s Disease: A Double Blinded Randomized Controlled Trial



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Experimental Design



		Intervention



		Outcome Measures



		Primary Outcome Measures



		Secondary Outcome Measures



		Corticomotor Activity



		Single Walking Performance



		Timed Up and Go Test















		Statistical Analysis









		RESULTS



		Dual-Task Walking Performance



		Corticomotor Activity



		Single Walking Performance



		Timed Up and Go Performance









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		Intermittent Theta Burst Stimulation Increases Natural Oscillatory Frequency in Ipsilesional Motor Cortex Post-Stroke: A Transcranial Magnetic Stimulation and Electroencephalography Study



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Experimental Procedure



		Intermittent Theta Burst Stimulation



		Transcranial Magnetic Stimulation-Electroencephalography Recordings



		Data Analysis



		Transcranial Magnetic Stimulation-Electroencephalography Analysis



		Statistical Analysis















		RESULTS



		Local Mean Field Power and Global Mean Field Power



		Transcranial Magnetic Stimulation-Evoked Oscillatory Response



		Natural Frequency



		Correlation Analysis









		DISCUSSION



		Alterations in Natural Frequency Following Stroke



		Effects of iTBS on Transcranial Magnetic Stimulation-Evoked Electroencephalography Responses



		Clinical Implications



		Limitations



		Conclusion









		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		Long-Term Motor Cortical Electrical Stimulation Ameliorates 6-Hydroxydopamine-Induced Motor Dysfunctions and Exerts Neuroprotective Effects in a Rat Model of Parkinson’s Disease



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Parkinson’s Disease Rat Model



		Cortical Electrical Stimulation Electrode Implantation



		Cortical Electrical Stimulation Treatment and Experimental Design



		Behavioral Test



		Akinesia



		Apomorphine-Induced Rotation Test



		Open-Field Locomotor Activity



		Gait Analysis



		Histology Investigation



		Western Blot



		Data Analysis









		RESULTS



		Effects of Cortical Electrical Stimulation Treatment on Akinesia After 6-Hydroxydopamine Lesion



		Effects of Cortical Electrical Stimulation Treatment on Apomorphine-Induced Rotation



		Effects of Cortical Electrical Stimulation Treatment on Open-Field Test Locomotor Activity Levels



		Effects of Cortical Electrical Stimulation Treatment on Gait Pattern



		Quantification of Dopaminergic Neuronal Degeneration Levels









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Low-Intensity Focused Ultrasound Stimulation Ameliorates Working Memory Dysfunctions in Vascular Dementia Rats via Improving Neuronal Environment



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Vascular Dementia Model



		Low-Intensity Focused Ultrasound Stimulation Procedure



		Experimental Procedure



		Behavioral Tests



		Elevated-Plus Maze Task



		Delayed Nonmatch-to-Sample Task



		Novel Object Recognition Test



		Step-Down Task









		Laser Speckle Contrast Imaging



		Histological Analysis



		Western Blotting Analysis



		Statistical Analysis









		RESULTS



		Low-Intensity Focused Ultrasound Stimulation Ameliorates Working Memory Dysfunctions Induced by Vascular Dementia



		Low-Intensity Focused Ultrasound Stimulation Increases Cerebral Blood Flow in the Vascular Dementia Rats



		Low-Intensity Focused Ultrasound Stimulation Improves the Survivability of the Neurons and Ability of Protein Synthesis in the Vascular Dementia Rats



		Low-Intensity Focused Ultrasound Stimulation Enhances the Density of Dendritic Spines and Expression of Synaptic Proteins in the Vascular Dementia Rats



		Low-Intensity Focused Ultrasound Stimulation Inhibits the TLR4/NF-κB Pathway and Decreases Proinflammatory Cytokines in the Vascular Dementia Rats









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		The Effects of Electroencephalogram Feature-Based Transcranial Alternating Current Stimulation on Working Memory and Electrophysiology



		INTRODUCTION



		EXPERIMENT 1: ELECTROENCEPHALOGRAM FEATURES RELATED TO PERFORMANCE



		Materials and Methods



		Participants



		Experimental Design and Schedule



		N-Back Task



		Electrophysiological Recordings



		Initial Electroencephalogram Analysis



		Graph Convolutional Neural Network



		Further Electroencephalogram Analysis









		Results



		Behavioral Analyses



		Initial Electroencephalogram Analyses



		Graph Convolutional Neural Network



		Further Electroencephalogram Analysis



		Summary















		EXPERIMENT 2



		Materials and Methods



		Participants



		Experimental Design and Schedule



		N-Back Tasks



		Electroencephalogram Recordings and Data Preprocessing



		Transcranial Alternating Current Stimulation









		Results



		Behavioral Analyses



		Electroencephalogram Analyses



		Adverse Effects Ratings















		DISCUSSION



		Electroencephalogram Activities Related to Positive Behavior Changes



		The Modulatory Effects of 8 Hz (Selected Stimulation), 40 Hz (Control), and Sham Stimulation on Verbal Working Memory



		Conclusion



		Significance



		Limitations



		Further Study









		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Optimized Magnetic Stimulation Induced Hypoconnectivity Within the Executive Control Network Yields Cognition Improvements in Alzheimer’s Patients



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Process



		Clinical Symptoms and Multi-Domain Cognition Assessments



		Transcranial Magnetic Stimulation Intervention



		Personalization and Image Navigation Transcranial Magnetic Stimulation



		Intermittent θ Explosive Magnetic Stimulation









		Resting-State Functional Magnetic Resonance



		Data Acquisition



		rs-fMRI Preprocessing



		Resting-State Functional Connection Analysis









		Statistical Analysis









		RESULTS



		Demographic and Clinical Information in Baseline



		Group Difference Within Executive Control Network in Baseline



		Correlation Analysis of Resting-State Functional Connection Within the Executive Control Network in Two Groups



		Improvement of Clinical Symptoms Within the Executive Control Network of Alzheimer’s Disease Patients After Intermittent Theta Burst Stimulation



		The Resting-State Functional Connection Changes Within the Executive Control Network and Correlation Analysis After Intermittent Theta Burst Stimulation









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		The Infraslow Frequency Oscillatory Transcranial Direct Current Stimulation Over the Left Dorsolateral Prefrontal Cortex Enhances Sustained Attention



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Study Protocol



		The Gradual-Onset Continuous Performance Task



		Transcranial Direct Current Stimulation Protocol



		Reaction Time Analysis



		Accuracy Analysis



		Vigilance Decrement



		Power Analysis



		Predictive Analysis



		Statistical Analysis









		RESULTS



		The Oscillatory Transcranial Direct Current Stimulation Enhanced Inhibitory Control and Reduced Attention Lapses



		The Oscillatory Transcranial Direct Current Stimulation Improved Attention Focus and Stability



		There Was No Vigilance Decrement



		The Oscillatory Transcranial Direct Current Stimulation Enhanced the Power of Reaction Time Oscillations at the Stimulation Frequency









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		Novel Non-invasive Transcranial Electrical Stimulation for Parkinson’s Disease



		INTRODUCTION



		NOVEL STIMULATION MODES



		Multielectrode Transcranial Electrical Stimulation



		Transcranial Alternating Current Stimulation



		Transcranial Pulsed Current Stimulation



		Transcranial Random Noise Stimulation



		Outlook for Novel Stimulation Modes









		TRANSCRANIAL ELECTRICAL STIMULATION COMBINED WITH OTHER INTERVENTION



		Transcranial Electrical Stimulation Combined With Drug



		Transcranial Electrical Stimulation Combined With Transcranial Magnetic Stimulation



		Transcranial Electrical Stimulation Combined With Physical or Cognitive Training



		Outlook for Transcranial Electrical Stimulation Combined With Other Interventions









		CLOSED LOOP TRANSCRANIAL ELECTRICAL STIMULATION



		Outlook for Closed Loop Transcranial Electrical Stimulation









		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Effects of Repetitive Transcranial Magnetic Stimulation on Cerebellar Metabolism in Patients With Spinocerebellar Ataxia Type 3



		INTRODUCTION



		MATERIALS AND METHODS



		Ethical Approval and Patient Recruitment



		Study Design and Treatment Protocol



		Evaluation



		Data Processing and Statistical Analyses









		RESULTS



		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES























OPS/images/fnagi-13-766311/fnagi-13-766311-g003.jpg
WAIS Digit Span Forward

10.0 4

9.5 -

9.0 -

8.5 -

-~ Active tDCS
-»- Sham tDCS
-~ Control

!

Baseline Follow-up 1 Follow-up 2

Evaluations






OPS/images/fnagi-14-814560/fnagi-14-814560-g005.jpg
é )
o«v
i *o
' ° ! o A
SRR 1 -+
:
-4,
8 %
T 2 2 e o
(wrgiaqunp) Aysuaqg auidg

CON (100x)
VD (100x)

VD+LIFUS (100x)

\y) P— S
\V«Vx \V&Vx
- " { 04 . 04
00 0 nm%o @o% % ooo0 m“o WTOA o %00 o0 © oo."ooo o9 omyw%o m W.@

r T T
o 0 o
N - - ol =

(a) (%) sauidg padeys uiy| LL (%) seuidg padeys payosueig

O (%) sauids padeys woouysnp Ll (%) sauidg padeys Aqqnis





OPS/images/fnagi-13-766311/fnagi-13-766311-g004.jpg
Trails B (s)

110

100 1

(o)
(@)

o
o

~
o

-~ Active tDCS
-»- Sham tDCS
-~ Control

.L

Baseline

Follow-up 1

Evaluations

Follow-up 2






OPS/images/fnagi-14-814560/fnagi-14-814560-g006.jpg
CON VD VD+LIFUS

NR2B |—- G _I 166kD
GAPDH | s S | 36K
1.6 - .
| |
*k%k
1.4 -
g (o]
a 1.2 - i
< 50
Q Bﬁul
o Bl
g 1.0 - (05000 o) 000
= s
0.8 - L - ]
0.6 -
1 (l) 1
(@)
&
C
CON VD VD+LIFUS
PSD-95 | - . . —| 80kD
GAPDH I- -.i 36kD
1.8 -
1.6 -
14 - o
- =
o .
< 1.2 = 000
Q -e w
7o) 26
@ 1.0 4 fo)0c0c0 0} &2
(m)] o
o e
0.8 - Z
A0S0
00°
0.6 - S e
04 T T T
> 4 2
X
R\%

B CON VD VD+LIFUS
SYP |.--| 34kD
GAPDH |- --| 36kD
1.8 -
! - *%k%k '
1.6
E o
g 1.4 - y
g (o)
s 12
n St
80
1.0 4 [0 ¢0)c0 @1} 5
-:-§-80
0.8 - ;
1 1 1
> QO S
2.4
40
D
CON VD VD+LIFUS
CaMKII |' — -I 50kD
GAPDH |-- —-| 36kD
3 -
l*ﬁ
I -
T 2
o
<
Q "
Y 50
= o
8 '?)08"
1 — 0000000} .
-&(;‘Pb.
T o e
N\
00 \§°
2.4





OPS/images/fnagi-13-766311/fnagi-13-766311-g001.jpg
[ Current Flow Viewer ]

Field Intensity (V/m)






OPS/images/fnagi-13-766311/fnagi-13-766311-g002.jpg
no cognltlve complaints = 4; several had multiple
reasons for exclusion)

Enroliment

Analyzed (n = 15) Analyzed (n = 14)

Analyzed (n = 15)






OPS/images/fnagi-13-766311/fnagi-13-766311-g007.jpg
Thinking

3.4 4

3.2 1

3.0 -

2.8 -

2.6

2.4

-~ Active tDCS
- Sham tDCS
- Control

1 2 3 4 5

Training Sessions






OPS/images/fnagi-14-814560/fnagi-14-814560-g001.jpg
Gj
W

gger Output gg Output

Ttp) anmt ')

Power Amplifier

"
"y
.
v
.
"
"
.
.
.
.
ol
a,,
.
"
L
Ll
b
0
s
*a
"
.

i

Pulse1 Pulse2 Pulse3 Pulse1000

.
"1l
"
"
"
.
"
"
----
.
"L
"L
"
ot
o
s
"
at?®

E |
8
@ 5@ 50——

o

w

3

(7

o

($)]

=

(7

@ Stimulation Sites >3 5 < Imm—>

Time
(week) 1
1

8

i Surgery |:| Housing - Behavioral Test . Staining - Western Blot

N =
-~

D E F
-o- CON —
< VD e\i —
600_ | | | | | + VD+L|FU§ " 5 .
: : : g 60- o g 30
Ch :LIF.US - S °
= 400 | 2 5 20°
- surgery o) g_ o
" — wied e
2 300- o o
E £ 1%
200+ - )
% : e . : 8 .9
— E i tC =
00777 1522 31 41 51 67 8 c 0
Day D
Q
12






OPS/images/fnagi-13-766311/fnagi-13-766311-t001.jpg
Domain Measure

Reaction time California computerized assessment package (CalCap) (Venkatesh and Bala, 2008)
Attention *Wechsler adult intelligence scale, 4th Ed., digit span subtest (Molero-Chamizo et al., 2018)
Wechsler memory scale, 4th ed., symbol span subtest (Seidel and Ragert, 2019)
Psychomotor speed *Wechsler adult intelligence scale, 4th ed., coding subtest (Coppens et al., 2019)
*Trail making test, part A (Rourke et al., 1999)
*Grooved pegboard (Buchman et al., 2016)
Premorbid function Wechsler test of adult reading (Santos et al., 2018)
Executive function *Trail making test, part B (Rourke et al., 1999)
*Verbal and design fluency from D-KEFS (Lawrence et al., 2017)
Stroop color word test (Cerruti and Schlaug, 2009)
lowa gambling task (Hinkin et al., 2001)
Learning and memory *Hopkins verbal learning test—revised (Antinori et al., 2007)
*Brief visuospatial memory test—revised (Sacktor et al., 2011)
Functional status Medication management test—revised (Thames et al., 2011a)
University of California San Diego performance-based skills assessment (Albert et al., 1999; Atkinson et al., 2004)

*Measures used to establish eligibility are marked with an asterisk.
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Group M1 group (n = 9) DLPFC group (n = 9) Cerebellum group (n = 9) Sham group (n = 9) p

Pre Post Pre Post Pre Post Pre Post
RMTH (%) 51.00 55.00 58.00 58.00 65.00 65.00 61.80 62.00
(46.00, 58.00)  (50.00, 62.00)  (47.00, 67.00) (47.00, 70.00) (60.00, 69.00) (59.00, 69.00) (68.50, 73.50)  (53.00, 74.00)
Change values 2.00 (0.00, 2.00) 0.00 (—1.00, 1.00) 0.00 (—1.00, 0.00) 0.00 (—1.00, 0.00) 0.063
RMTc (%) 53.00 55.00 56.00 58.00 59.00 60.00 52.00 52.00
(49.00, 57.00)  (48.00, 61.00) (49.50, 75.00) (50.00, 72.00) (48.00, 63.00) (63.00, 62.00) (45.00, 62.00)  (45.00, 62.00)
Change values 2.00 (—1.00, 3.00) 0.00 (—2.50, 1.50) 2.00 (—1.00, 5.00) 0.312
MEP (uV) 418.66 341.38 416.77 315.18 630.78 763.50 329.06 292.61
(289.89, 593.17) (204.45, 773.70) (276.68, 610.96) (395.45, 208.47) (547.20, 858.11) (361.21, 1068.26) (1569.31, 483.07) (138.75, 387.26)
Change values 30.79 (—164.05, 367.42) —71.10(—285.29, —41.78) 69.07 (—76.46, 248.79) —3.01 (—69.25, 8.40) 0.240
MEPgH (uV) 533.55 696.96 408.38 491.19 589.37 516.62 415.82 431.05
(315.18, 939.84) (289.53, 967.77) (252.60, 580.35) (333.53, 773.04) (494.40, 778.99) (296.92, 750.30) (247.63, 601.53) (220.53, 556.67)
Change values 4714 (—344.16, 348.62) 67.87 (—59.22, 224.94) —108.92 (—367.59, 177.84) —20.77 (—43.49, 8.17) 0.678
SPiy (ms) 144.59 140.02 138.21 139.33 142.29 145.58 141.98 137.44
(113.82, 165.44) (105.91, 163.32) (118.58, 159.36) (126.41, 169.31)* (117.51, 165.21) (127.09, 157.54) (118.17, 215.04) (106.77, 211.84)
Change values —5.11 (-13.52, 5.19) 8.50 (3.13, 14.79)28 2.48 (—3.36, 9.72) —5.25 (-8.67, —1.50) 0.007
SPcH (Ms) 134.68 132.57 135.59 135.18 136.99 142.94 127.85 135.55
(124.78, 1561.61) (118.94, 160.67) (116.16, 151.57) (117.18, 148.02) (123.75, 257.60) (126.98, 155.93) (118.98, 141.38) (121.44, 145.47)
Change values 2.25(—14.66, 9.06) —0.41 (-2.84, 1.85) 0.83 (—3.69, 6.39) 1.84 (-6.51, 13.81) 0.822

Data are presented as the median (Interquartile range) (The Shapiro-Wilk test was used to determine the values are not normally distributed). IH, ipsilateral hemisphere
relatively to the stimulating side; CH, contralateral hemisphere relatively to the stimulating side. Change values were calculated by subtracting the baseline data from the
post-test data. @p < 0.05 as compared with M1 group; Sp < 0.05 as compared with Sham group.
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Subject Sex Age Paretic hand  Chronicity Type of Lesion location UE RMT iTBS iTBS
number (years) (months) stroke FMA (MSO%) stimulation stimulation
intensity intensity
(MS0%) (RMT%)
S01 M 62 R 4 Ischemic Basal ganglia g 100 40 40
S02 M 72 L 2 Ischemic Basal ganglia, 43 80 40 50
periventricular white
matter
S03 F 64 R 2 Ischemic Frontal/temporal/ 4 100 40 40
parietal lobe
S04 M 70 L 8 Ischemic Pons ar 70 40 57
S05 M 57 R 8 Hemorrhagic Frontal/parietal lobe 47 55 39 71
S06 M 77 L 1 Ischemic ~ Centrum semiovale, 58 70 40 57
corona radiata,
basal ganglia
S07 F 35 L 5 Ischemic  Frontal/parietal lobe 49 100 40 40
S08 M 69 R 11 Ischemic Corona radiata 18 100 40 40
S09 M 70 R 3 Ischemic Basal ganglia 26 75 40 53
S10 M 75 L 4 Ischemic Pons 5 100 40 40
S11 M 35 L 18 Hemorrhagic Basal ganglia 24 100 40 40
COo1 M 78 L 3 Ischemic Corona radiata, 60 70 40 B7
basal ganglia
c02 M 70 R 2 Ischemic Basal ganglia 26 75 40 53
C03 M 42 L 6 Hemorrhagic Pons 21 100 40 40
Co4 F 79 R 2 Ischemic Thalamus/ 36 40 28 70
occipital lobe
C05 M 60 R 9 Ischemic Frontal/parietal/ 4 100 40 40
temporal lobe
Co06 M 43 L 1 Ischemic Frontal/parietal 64 20 14 70
lobe, basal ganglia,
corona radiata
co7 M 75 L 15 Ischemic Parietal/temporal 9 100 40 40
lobe
C08 F 58 R 1 Ischemic Internal capsule 42 100 40 40
C09 M 68 L 3 Ischemic Frontal/parietal/ 66 30 21 70
temporal lobe, basil
ganglia
C10 M 72 R 1 Hemorrhagic  Parietal/temporal 44 40 28 70
lobe
C11 M 63 L 6 Ischemic Basal ganglia, 12 100 40 40

corona radiata,
centrum semiovale,
frontal lobe

UE FMA refers to upper-extremity component of the Fugl-Meyer Motor Function Assessment.

M refers to male, and F refers to female.

L refers to left, and R refers to right.

S01-11 indicate stroke survivors in the Active iTBS group.
CO01-11 indiicate stroke survivors in the Sham iTBS group.

Stroke lesions of all subjects except SO3, SO7 and CO5 were free from the primary motor cortex.
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Age, years Sex Paretic side Type of stroke Months after UE FMA ARAT
stroke onset (0-66) (0-57)

Mean + SD Male/ Right Ischemic/ Mean + SD Mean + SD Mean + SD
(range) Female /Left Hemorrhagic (range) (range) (range)

Active iTBS 62.4+£14.0 9/2 5/6 9/2 6.0+4.8 29.1+£18.0 28.7 £18.2
group (n =11) (85-77) (1-18) (4-68) (0-54)

Sham iTBS 64.4+12.2 9/2 5/6 9/2 45+441 3494218 29+ 229

group (n =11) (42-79) (1-15) (4-66) (0-57)

UE FMA refers to upper-extremity component of the Fugl-Meyer Motor Function Assessment, indicating motor impairments in stroke survivors (Fugl-Meyer et al., 1975).
ARAT refers to Action Research Arm Test, indicating upper extremity performance (i.e., coordination and dexterity) in neurological populations (Lang et al., 2006).

SD refers to standard deviation.

No significant difference in chronicity, UE FMA, or ARAT was revealed between subjects in Active and Sham iTBS groups.
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Variable

Clinical characteristics
NPI-frequency“severity
NPI-distress

ADL

CDR

GDS
Neuropsychological tests
MMSE

MoCA

HAMA

HAMD

CDT-4

Memory
CAVLT-immediately
CAVLT-delay
CAVLT-recognition
Attention

digit span test(forward)
digit span test(backward)
Executive function
Stroop Color test

Stroop Word test

Stroop Interference test
Trail Making A

Trail Making B
Linguistic function
VFT-animal

BNT

pre [n = 19, means (SD)]

8.05(10.54)
2.47(2.91)
29.10(8.59)
0.87(0.46)
3.89(0.74)

19.26(4.73)
12.94(5.53)
4.53(3.18)
3.89(3.62)
1.42(0.84)

2.69(2.18)
1.79(2.80)
11.68(2.43)

5.58(1.89)
3.26(1.59)

44.38(28.51)
63.30(36.46)
91.27(53.58)
245.95(180.38)
414.49(279.86)

9.47(4.13)
16.95(6.25)

post [n = 19, means (SD)] t
3.16(5.81) 3.427
1.31(1.91) 3.209

27.47(8.20) 3.759
0.81(0.48) 1.455
3.63(0.76) 2.041
21.58(5.75) —5.349
15.68(6.53) —5.229
2.84(2.31) 2.191
1.53(2.17) 3.316
2.37(1.06) —4.869
4.13(2.65) —4.129
3.53(3.93) -3.124
13.05(2.15) —3.256
6.21(1.68) 21791
3.79(1.31) -3.293
37.42(23.94) 2.304
54.57(31.32) 2.947
81.28(50.48) 1.442
229.89(152.80) 1.430
399.52(268.05) 1121
10.79(4.53) —1.492
19.58(5.98) —3.685

p-value

A

0.003*
0.005™
0.001*
0.163
0.056

0.0001***
0.0001***
0.042*
0.004**
0.0001*

0.001*
0.006™
0.004*

0.014*
0.004**

0.034*
0.009*
0.168
0.170
0.279

0.153
0.002*

M, male; F female; HIS, Hachinski Ischemic Scale; NPI, Neuropsychiatric Inventory; NA, not applicable; ADL, Lawton-Brody Activities of Daily Living; CDR, Clinical
Dementia Rating; GDS, Global Deterioration Scale, MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment Test; HAMA, Hamilton Anxiety Rating
Scale; HAMD, Hamilton Depression Rating Scale; CDT, Clock Drawing Test; CAVLT, Chinese version of the Auditory Verbal Learning Test; VFT, Verbal Fluency Test; BNT,

Boston Naming Test.

*0 <0.05 "p < 0.01; *™p <0.001; **p < 0.0001.
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Alzheimer’s patients (n = 60) Normal controls (n = 62)

Seed Neuropsycholo-gical test R p-value Seed Neuropsycholo-gical test R p-value
Seed1-Seedb AD8 0.463 0.003** Seed1-Seed3 CAVLT- immediately —0.303 0.017*
GDS 0.323 0.015* CAVLT-delay —0.310 0.014*
VFT -0.272 0.046* CTT-B —0.271 0.045*
CTT-B 0.350 0.039* Seed1-Seedb Stroop Color test 0.307 0.016*
Seed1-Seed6 HAMD 0.296 0.030* Seed1-Seed6 CDT —0.281 0.030*
Seed1-Seed8 CTT-B 0.524 0.001** Seed1-Seed7 GDS 0.280 0.028*
Seed2-Seed6 CDT —0.360 0.006** CTT-B 0.294 0.029*
HAMA 0.296 0.024* Seed1-Seed8 CDT —0.274 0.034*
HAMD 0.389 0.004** Seed2-Seed3 CTT-B —0.280 0.038*
NPI-frequency*severity 0.336 0.012* Seed2-Seed5 VFT 0.258 0.199*
VFT —0.411 0.003** Seed2-Seed6 NPI-frequency*severity —-0.315 0.013*
Seed3-Seed4 HAMA 0.294 0.025* NPI-distress —0.315 0.013*
HAMD 0.301 0.027* Seed3-Seed4 Stroop Word test 0.312 0.014*
ADL 0.272 0.045* Seed3-Seedb5 Stroop Color test 0.256 0.047*
DS(backward) —0.274 0.047* Seed3-Seed7 MMSE 0.300 0.018*
BNT —0.460 0.001** Seed4-Seed7 AD8 0.279 0.028*
Seed3-Seed6 HAMA 0.276 0.036* Stroop Word test 0.282 0.028*
HAMD 0.378 0.005** Seed4-Seed8 Stroop Word test 0.253 0.049*
Seed4-Seed5 DS(backward) —0.292 0.034* Seed6-Seed? NPI-frequency*severity —0.325 0.01*
Seed4-Seed6 HAMD 0.326 0.016* NPI-distress —0.325 0.01*
NPI-frequency*severity 0.278 0.040* Stroop Color test 0.307 0.016"
Seed5-Seed8 AD8 0.367 0.020* Stroop Word test 0.344 0.007**
VFT —0.303 0.026* Seed6-Seed8 Stroop Color test 0.298 0.02*
Seed7-Seed8 MMSE 0.336 0.010** Stroop Word test 0.270 0.035*
MoCA 0.270 0.040* Seed7-Seed8 HAMD —0.263 0.039*
CAVLT-delay 0.285 0.030*

NPI, Neuropsychiatric Inventory; NA, not applicable; ADL, Lawton-Brody Activities of Daily Living; GDS, Global Deterioration Scale, MMSE, Mini-mental State Examination;
MoCA, Montreal Cognitive Assessment Test; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; CDT, Clock Drawing Test; CAVLT, Chinese
version of the Auditory Verbal Learning Test; CTT, Color Trail Test; VFT, Verbal Fluency Test; DS, Digit Span test; BNT, Boston Naming Test.

*0 < 0.05; *p < 0.01.
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Variable

Demographic

Gender (M/F)

Age (years)

Education (years)
Clinical characteristics
HIS

NPI-frequency * severity
NPI-distress

ADL

CDR

GDS

Neuropsychological tests

AD8

MMSE

MoCA

HAMA

HAMD

CDT

Memory

CAVLT - immediately
CAVLT - delay

CAVLT - recognition
Attention

digit span test(forward)
digit span test(backward)
Executive function
Stroop Color test
Stroop Word test
Stroop Interference test
Trail Making A

Trail Making B
Linguistic function
VFT - animal

BNT

Alzheimer’s patients [n = 60, means (SD)]

26/34
64.508(9.005)
8.783(4.694)

1.117(0.691)

11.086(12.9110)
4.069(5.057)

31.103(11.243)
1.026(0.581)
3.828(0.704)

5.071(2.100)
18.000(6.250)
11.852(5.822)
4.733(4.153)
3.696(3.421)
1.650(1.219)

2.521(1.644)
0.590(1.203)
10.295(4.112)

5.818(1.634)
3.127(1.187)

42.825(35.050)
69.120(59.354)
99.169(83.708)
199.429(137.609)
372.821(245.119)

9.839(3.296)
16.426(4.817)

Healthy controls [textitn = 62, means (SD)]

26/36
63.984(7.623)
9.540(4.099)

0.968(0.567)
0.063(0.504)
0.016(0.126)
20.175(0.555)
0.071(0.176)
1.317(0.715)

0.952(1.223)
28.873(1.601)
25.444(3.605)
2.937(3.636)
2.952(3.381)
3.902(0.436)

8.851(1.775)
9.778(2.661)
14.317(1.045)

6.968(1.576)
4.333(1.426)

21.537(6.402)

30.304(10.147)
20.425(16.741)
70.482(23.389)
128.731(47.240)

17.206(3.802)
26.377(4.499)

X 2

0.024
0.350
-0.959

1.305
6.498
6.102
7.395
12.020
19.438

11.479
13.174
15.572
2.556
1.165
-13.386

-20.581
-24.907
-7.411

-3.887
-5.013

4.197
4.526
6.483
6.008
7.266

-11.226
-11.051

p-value

0.876
0.727
0.342

0.194
<0.0001****
<0.0001****
<0.0001****
<0.0001****
<0.0001****

<0.0001****
<0.0001****
<0.0001****
0.012*
0.250
<0.0001****

<0.0001****
<0.0001****
<0.0001****

<0.0002***
<0.0001****

<0.0001****
<0.00071****
<0.0001****
<0.0001****
<0.0001****

<0.0001****
<0.0001****

M, male; F female; HIS, Hachinski Ischemic Scale; NPI, Neuropsychiatric Inventory; NA, not applicable; ADL, Lawton-Brody Activities of Daily Living; CDR, Clinical
Dementia Rating; GDS, Global Deterioration Scale, MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment Test; HAMA, Hamilton Anxiety Rating
Scale; HAMD, Hamilton Depression Rating Scale; CDT, Clock Drawing Test; CAVLT, Chinese version of the Auditory Verbal Learning Test; VFT, Verbal Fluency Test; BNT,
Boston Naming Test; 2: Chi-squared test; °: Mann-Whitney U test; °: Independent sample T test.
*0 < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.
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Channel

Fp1

Fp2

Frequency

4 Hz
5Hz

6 Hz

7 Hz

8 Hz
4 Hz
5Hz
6 Hz

7 Hz

8 Hz

Main effect

Block (block 2 > block 1, p < 0.05)

Block (block 2 > block 1, block
3 > block 1, p < 0.05)

Block (block 2 > block 1, block
3 > block 1, p < 0.05)

Block (block 2 > block 1, block
3 > block 1, p < 0.05)

Block (block 2 > block 1, p < 0.05)
Block (block 3 > block 1, p < 0.05)
Block (block 3 > block 1, p < 0.05)

Block (block 2 > block 1, block
3 > block 1, p < 0.05)

Block (block 2 > block 1, block
3 > block 1, p < 0.05)

Block (block 2 > block 1, block
3 > block 1, p < 0.05)

Pairwise comparisons

/

/

/

For three-back, block 3 > block 1
(o < 0.05) in the HP group.

For four-back, block 3 > block 1
(o < 0.05) in the LP group.

For three-back, block 3 > block 1
(o < 0.05) in the HP group.

For four-back, block 3 > block 1
(o < 0.05) in the LP group

For three-back, block 3 > block 1
(o < 0.05) in the LP group.

For four-back, block 3 > block 1
(o < 0.05) in the LP group.
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APOE genotypes S1:rs429358 S2:rs7412

E2/E2 /T /T
ES/E3 /T C/C
E4/E4 C/C C/C
E2/E3 T T/C
E2/E4 T/C T/C
ES/E4 T/C C/C

T or C represents the first DNA base of the nucleotides.
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APOE4 carriers Non-APOE4  p-value

(n =10) carriers (n = 8)
Sex F/M 6/4 5/3 0.914
Age, years 70.3 £7.45 73.75 £ 6.27 0.312
Education level, years 7.7 +£2.98 6.13 £ 5.37 0.44
MMSE score before rTMS 12.6 £6.77 15.88 + 8.54 0.377
MoCA score before rTMS 7.9+4.28 825+ 550 0.566
ADAScog score before rTMS 39.13 £ 16.49 34.87 +£19.03 0.618
MMSE score after rTMS 13.6 £6.22 16.63 + 8.73 0.388
MoCA score after rTMS 8 +£4.47 11.88+7.72 0.202
ADAScog score after rTMS 37.16 £ 16.39 31.57 £21.21 0.536

n, number; F, female; M, male; MMSE, Mini Mental State Examination; rTMS,
repetitive transcranial magnetic stimulation;, MoCA, Montreal Cognitive Assessment
Scale; ADAScog, Assessment Scale-cognitive subscale.
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Group M1group DLPFC group Cerebellum Sham group Time Group Time x group Post-hoc?
(n=9) (n=9) group (n=9)
(n=9) p-value, p-value, p-value,
F-value F-value F-value, 52
Speedemysec) <0.001, 0.103, 0.005, DLPFC vs. Sham
F(3,32) =56.616  F(3,32) =2.237 F(3,32) =5.125,0.325
Pre 97.48 £29.2 7899+26.3 70.74+232 90.01+224
Post 107.94 +£29.6% 08.49 + 24.9% 87.54 +24.6% 092.77 +24.4
Cadence (step/min) <0.001, 0.182, 0.005, -
F(3,32) = 41.497 F(3,32) =1.723 F(3,32) =5.180, 0.327
Pre 108.60 £ 12.9 104.87 £20.1 87.24 £27.9 10841 +19.2
Post 113.32 + 14.2 119.18 + 16.8% 93.33 + 19.2¥ 111.20 £20.5
ST (sec) 0.004, 0.237, 0.023, -
F(3,32) = 9.628 F(3,32) = 1.487 F(3,32) = 3.649, 0.255
Pre 1.12 £ 0.1 119+ 0.2 1.283+1.0 1.16 £ 0.3
Post 1.08 £ 0.1 1.02+£0.1# 1.156 £ 0.3 114 £ 0.3
SL cm) <0.001, 0.100, 0.031, -
F(3,32) =22.069 F(3,32) =2.267 F(3,32)=3.340,0.238
Pre 106.12 £22.5 89.02+18.9 84.83+246 100.11+18.3
Post 112.95 £ 22.0¥ 98.32+14.7% 9218 +18.8% 99.30 +18.7
ST variability () 0.047, 0.832, 0.239, -
F(3,32) = 4.287 F(3,32) = 0.291 F(3,32) =1.476,0.122
Pre 563+5.5 5.06 £4.5 16.23 +18.7 4.80 + 3.1
Post 3.59+25 3.183+1.1 7.34 £3.8 458+ 4.1
SL variability (g, 0.385, 0.319, 0.936, -
F(3,32)=0.777  F(3,32)=1.217 F(3,32)=0.138,0.013
Pre 4.64 +£3.3 520+ 3.0 716 £ 41 438+ 2.1
Post 411 £33 415+2.0 6.39 £ 3.3 446 +2.2
DTC (%) 0.006, 0.078, 0.140, -
F(3,32) =8.779 F(3,32) =2.493 F(3,32) = 1.957, 0.155
Pre —156.19+£ 175 —-20.31 £25.7 —18.31 £22.1 —10.14 £ 11.2
Post —12.27 £9.0 —13.53 +18.4% —13.54 +20.0 —8.97 + 14.0

Data are presented as the mean + SD (The Shapiro-Wilk test was used to determine the values are normally distributed). ST, stride time; SL, stride length; DTC, dual task
cost. “p < 0.05 for intragroup comparison (Analyzed using paired t-test). The Tukey’s post-hoc test with Bonferroni correction was used to determine the intergroup

differences.
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Group M1 group (n = 9) DLPFC group (n =9) Cerebellum group (n = 9) Sham group (n = 9) P value

Age (years) 54.20 £ 4.1 50.09 £ 2.4 61.30+7.9 58.30 £ 8.0 0.60
Gender (M/F) 8/1 6/3 2/7 3/6 <0.01
H&Y stage 1.89+0.6 1.67 £0.5 2.13+0.6 1.78+ 0.7 0:05
More affected side (L/R) 2/7 1/8 2/7 1/8 0.85
Duration of diagnosed (months) 93.54 £ 68.2 73.81 £ 39.2 49.11 £ 39.3 100.18 £ 147.0 0.43
UPDRS 33.22 + 131 25.56 + 17.0 2422 +9.9 23.44 £14.7 0.48
MMSE 2811+ 1.8 28.89+ 1.8 27.33+2.2 28.89 £2.0 0.29
LEDD (mg) 592.1 +208.2 603.89 + 357.3 468.22 £ 212.1 426.11 £ 243.7 0.41

M, male; F, female; H&Y, Hoehn and Yahr stage; L, left; R, right; MMSE, Mini-Mental State Examination; LEDD: levodopa equivalent daily dosage.
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VAS, visual-analogic scale; MER, motor evoked potential; CSP, cortical silent period; df, degrees of freedom. *P < 0.05; P < 0.01; **P < 0.001.
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