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Editorial on the Research Topic
 Novel technologies targeting the rehabilitation of neurological disorders





1 Background

The Research Topic—Novel technologies targeting the rehabilitation of neurological disorders was launched to collect the latest research and progress of new rehabilitation technologies for neurological diseases. Finally, 20 papers were included, comprising 14 original articles, four reviews, and two research protocols. They cover many new technologies for the assessment and treatment of neurological diseases. The evaluation techniques include motor-evoked potential (MEP), magnetic resonance imaging (MRI), electroencephalogram (EEG), sensory-evoked potential (SEP), and functional near-infrared spectroscopy (fNIRS). Regarding treatment techniques, they are mainly divided into non-invasive brain stimulation techniques, such as transcranial magnetic stimulation (TMS), transcranial direct current/alternating current technology (tDCS/tACS), ultrasound technology, and mirror therapy (MT). In contrast, invasive brain stimulation techniques include the brain-computer interface (BCI), vagus nerve stimulation (VNS), deep brain stimulation (DBS), and Contralateral Seventh Cervical Nerve Transfer (CC7). However, the papers included in this Research Topic did not involve new techniques of invasive brain stimulation. In this editorial, we will provide a summary of the papers included in our Research Topic from three perspectives. We will also expand on some of the content that our Research Topic lacks.



2 Novel assessment methods

With the progress of brain science and technology, innovative techniques have been promoted and applied based on new detection principles, and more accurate assessment methods have promoted the rehabilitation of functional disorders caused by neurological diseases. This part covers the exploration of a variety of new assessment techniques in neurological rehabilitation.


2.1 fNIRS

As a relatively new imaging method, fNIRS is a non-invasive optical imaging technology based on the principle of neurovascular coupling. Wang et al. used fNIRS as a monitoring and evaluation basis to monitor the degree of increased metabolic activity in the prefrontal cortex of stroke patients, and meta-analysis showed the value of PFC research in exploring the double-task effect of stroke. Chen H. et al. collected the topological structure of the frontal functional network during resting state for analysis using fNIRS. The study aimed to explore changes present in the frontal functional network region of patients in the lowest conscious state. In addition, Lacerenza et al. used fNIRS as a detection method to measure the functional activation of the motor cortex during arm lifting.



2.2 TMS-EEG

The physiological mechanism of TMS is to generate a brief magnetic field by placing an electromagnetic coil on the scalp, which stimulates the activity of neurons in the cerebral cortex. EEG provides a non-invasive way of recording electrical activity in the brain. It measures the electrical activity of neurons in the cerebral cortex by placing multiple electrodes on the scalp. The technique of TMS with EEG can observe the cortical reactivity and connectivity, and record the changes of cortical excitability and connectivity evoked by TMS (Hernandez-Pavon et al., 2023).



2.3 fMRI

fMRI is one of the most widely used non-invasive functional imaging techniques in observing the efficacy of new technologies in the rehabilitation of neurological diseases (Feng et al., 2021). It can indirectly characterize the function of brain neurons by capturing changes in blood oxygen levels. Its greatest advantage is its high spatial resolution, which allows us to observe deep brain structures, which fNIRS and EEG do not possess (Varley et al., 2020). It can help us analyze and understand the way the human brain works in basic cognitive processes (such as attention, memory, sensation, and perception) and higher cognitive processes (such as language, problem-solving, reasoning, etc.), and explore the psychophysiological mechanisms of various brain diseases (Kim et al., 2017).



2.4 Respiratory ultrasound

Respiratory ultrasound is widely used, feasible, non-invasive, and convenient for clinical application. In terms of rehabilitation treatment, in addition to the observation of the lungs by ultrasound, it can also evaluate the activity and morphological measurement of the respiratory muscle of patients through ultrasound visualization, improve the information about the structure and function of the respiratory muscle, and have good reproducibility. Sufficient sensitivity to detect clinically important changes. Under our Research Topic, Liu, Yang et al. summarized and described the application of ultrasonic measurement of respiratory muscle, and summarizes the function of respiratory muscle in stroke patients.



2.5 SEP

SEP is a commonly used neurophysiological test in clinical practice, and it is the most objective method to evaluate sensory pathways. The latent waveform of somatosensory evoked potentials may indicate the source of neurogenesis and is a highly sensitive neurophysiological indicator. Liu Y. et al. is based on somatosensory evoked potentials to explore the correlation between light touch and two-point discrimination measurements in the assessment of upper limb function.




3 Non-invasive brain stimulation techniques


3.1 TMS

Transcranial magnetic stimulation (TMS) is an adjunctive treatment for neurological recovery in disorders like stroke. It aids post-stroke recovery through neurogenesis, vascular regeneration, and anti-inflammatory actions (Zhou et al.). Clinically, TMS is used for improving motor functions, speech, swallowing, cognition, mood, spasticity, and pain in stroke patients (Zhou et al.). For post-stroke cognitive impairment (PSCI), excitatory TMS on the left hemisphere's DLPFC improves cognition, attention, and memory (Han K. et al.). Intermittent theta burst stimulation (iTBS), a novel mode of TMS, might be a more advantageous and convenient treatment than the classic rTMS for patients with PSCI (Han M. et al.). Recent research focuses on optimizing TMS efficacy. iTBS increases motor cortical excitability and enhances performance in task-specific activities (Goldenkoff et al.). A study on rTMS intensity revealed its impact on treatment efficacy, with high-frequency (25 Hz) rTMS demonstrating bidirectional effects on hippocampal plasticity, offering potential benefits for memory loss (Chen S. et al.).



3.2 tDCS/tACS

Transcranial direct current stimulation (tDCS) is a convenient and low-cost option for treatment, which modulates the neuronal activity in the cerebral cortex using constant, low-intensity direct current. For the first time, a recent study has confirmed that bilateral tDCS was a boost for the recovery of those suffering from Parkinsonian tremor (Zhang et al.). A network meta-analysis study found that cathodal tDCS was the most promising treatment option to improve ADL capacity in people with stroke (Elsner et al., 2017). Iodice et al. (2017) reviewed that motor (i.e., hand dexterity) and cognitive performances (i.e., attention and working memory) can be improved by applying rTMS or tDCS alone or in association with motor/cognitive training, for pain's treatment by using tDCS. However, it's also necessary to study the effects of tDCS in patients with disorders of consciousness (Estraneo et al., 2017). Compared with the direct current stimulation of tDCS, transcranial alternating current stimulation (tACS) synchronizes and modulates brainwave oscillations via the bidirectional current. It has been observed that patients with cerebellar ataxia (CA) benefited from this alternative treatment, suggesting that tACS is a promising NIBS technique for CA (Liu, Lin et al.).



3.3 TUS

Focused transcranial ultrasound stimulation (TUS) is a highly accurate NIBS modality, which can straightly focus low-intensity sound waves to deeper cerebral areas (Folloni, 2022). With the potential of a short and offline therapeutic program, TUS based on its advantages can be a prospective treatment for neurological diseases, like stroke and Parkinson's (Wang et al., 2020; Folloni, 2022; Wang Y. et al., 2022). Presently, it's still in the initial exploratory phase, whose mechanisms are yet to be explored for extensible application.



3.4 MT

Mirror visual feedback (MVF), also known as mirror therapy (MT), has been widely applied in clinical neurorehabilitation. However, the underlying neuro-mechanisms of MVF are still unclear. It was believed to encourage cortical reorganization in the brain, which plays a crucial role in functional recovery after stroke. Recently, a study has verified that embodiment via MVF could bring denser functional brain connectivity to healthy people, digging deeper into these unknown mechanisms. In addition, an intervention combining mirror visual with vibrotactile stimulus is developed as a prospective rehabilitation strategy, which can enhance the embodiment perception (Ding et al.).



3.5 BCI

Brain-computer interface (BCI) is a communication channel by delivers the signals from the central nervous system (CNS) to external computers or machines. At present, this advanced technique has been used in various fields, including clinical rehabilitation training programs, typing communication systems, robotics, etc (Wang et al., 2023). For meeting the users with different training requirements and functional states, a personalized BCI paradigm has been established and optimized in terms of design, development, evaluation, and application (Ma et al., 2023).



3.6 Closed-loop

Developed based on the central-peripheral-central concept, closed-loop rehabilitation is a therapeutic strategy that integrates the application of central and peripheral interventions (see Figure 1) (Jia, 2022). On behalf of the central intervention, non-invasive brain stimulation plays an important role in enhancing the links of corresponding brain networks and neuroplasticity (Yamamura et al., 2018). However, peripheral interventions like neurophysiological therapy reinforce the correct movement patterns through continuous sensory feedback. A novel closed-loop rehabilitation program, combining melodic intonation therapy (MIT) with tDCS verified its positive effects for post-stroke aphasia (Yan et al.). An Individualized closed-loop TMS system coordinated with an exoskeleton was developed to recover the patients with different spasticity states (Singh et al.).


[image: Figure 1]
FIGURE 1
 Central combined with peripheral stimulation techniques. TOT, task-oriented therapy; NMES, neuromuscular electrical stimulation; PMS, peripheral magnetic stimulation; FES, functional electrical stimulation.





4 Invasive techniques

Invasive brain stimulation has shown promising prospects in improving the dysfunction caused by organic or non-organic neurological diseases such as stroke, Parkinson's disease, and Alzheimer's disease. Invasive brain stimulation technology can have various options according to the stimulation depth, stimulation location, stimulation tools, and so on. At present, in the rehabilitation of neurological diseases, invasive brain stimulation technology has been widely concerned with invasive brain-computer interface technology (invasive BCI), deep brain stimulation technology (DBS), vagus nerve electrical stimulation technology (VNS), as well as the contralateral seventh cervical nerve transfer (CC7) surgery.


4.1 Invasive brain-computer interface (invasive BCI)

Invasive BCI records information about brain activity by surgically implanting electrodes in the brain that are placed very close to or directly on target neurons in targeted cortical regions or subcortical structures, allowing for neural signals with higher spatial resolution (Zhao et al., 2023). The effectiveness of invasive BCI has been extensively tested in animals like macaques, and in 2007, invasive BCI was found to help restore motor function in a paralyzed patient (Donoghue et al., 2007). Since then, human research on invasive BCI has been gradually carried out, replacing impaired motor functions with robotic arms (Hochberg et al., 2012). In addition, with the help of invasive BCI, it can also compensate for functional deficiencies such as walking and speech (Dawson et al., 2016; Willett et al., 2021). The safety of invasive BCI under minimally invasive surgical operations has also been verified, providing stronger evidence for further promoting the application of invasive BCI (Mitchell et al., 2023).



4.2 Deep brain stimulation

Deep brain stimulation, which generally covers a large number of neurons, currently plays an important role in the treatment of neurological diseases and neuropsychiatric disorders. Boraud found that high-frequency DBS can alleviate hand and foot convulsions and other motor symptoms of Parkinson's patients, and there are also studies showing that DBS can improve the sleeping quality of Parkinson's patients (Boraud et al., 1996; Castillo et al., 2020). The effectiveness of DBS for Parkinson's patients has not only been demonstrated in patients with different disease courses but it has also been shown not to fade over time (Malek, 2019).



4.3 Vagus nerve stimulation

The first human installation of an electrical vagus nerve stimulator was in 1988, and since then several studies have been conducted to observe the effectiveness, safety, and tolerability of this technology as a treatment, as well as the selection of stimulation frequency. Dawson et al. (2016) used VNS to treat upper limb function in patients with chronic stroke and found that after 6 weeks of intervention, patients in the experimental group showed significant improvement in FMA-UE score compared with the control group, proving that VNS is a feasible and effective stroke rehabilitation method. Five years later, Dawson et al. (2021) continued to supplement the research findings and conducted more rigorous studies with larger sample sizes to further verify it. VNS technology has also been shown to be an effective means to treat cognitive disorders, epilepsy, depression, and so on (Fisher et al., 2015; Reif-Leonhard et al., 2022; Wang L. et al., 2022).



4.4 Contralateral seventh cervical nerve transfer (CC7)

In 1986, Gu et al. (2002) pioneered the contralateral seventh cervical nerve transfer operation, which connects the cervical seventh nerve root in the healthy brachial plexus nerve with the nerve controlling the paralytic hand, and has been used to treat the patients with total brachial plexus nerve injury and has achieved remarkable results. So far, this technology has been applied for nearly 40 years, and has played an important role in promoting the recovery of upper limb hand function in stroke patients (Hong et al., 2019). In 2018, Zheng et al. used CC7 surgery to treat patients with chronic stroke and found that it can improve patients' upper limb motor function and relieve spasms (Zheng et al., 2018). The efficacy has been further verified through a multi-center, large-scale research in 2022, and a standardized guidance reference will be provided for the promotion and application of this technology (Feng et al., 2022).




5 Limitations

For research on innovation assessment methods, most sample sizes are small due to constraints on assessment sites and equipment. Small sample sizes and the limited information available made it difficult to analyze other confounding factors, such as injury types, injury regions, and different age groups. In particular, the clinical prediction Models require more sample sizes and multiple medical institutions for better clinical generalizing (Yu et al.). Some brain imaging assessment methods (e.g., EEG, fNIRS) use specific-channel caps, that might limit further exploration of sub-network alterations (Ding et al.). For clinical research of non-invasive brain stimulation techniques and invasive techniques, considering patients' limited hospital days and the difficulty of post-discharge follow-up, some researchers just focus on the short-term effect and pay less attention to the long-term effect (Zhang et al.; Liu, Lin et al.) (Dawson et al., 2021). Most clinical studies are performed in a single center, and they may not represent the results from other regions (Liu, Lin et al.), also cannot generalize the findings to people who do not meet trial eligibility criteria or to people with other types of stroke or other neurological disorders (Dawson et al., 2021). There are different conditions of one neurological disorder (e.g., different types, disease urgency, duration), so stimulation parameters used for the same neurological disorder may also vary from different studies, which makes the optimal treatment protocol difficult to find.



6 Conclusion

Nowadays, increasing research focuses on the use of new technologies in the rehabilitation of neurological disorders. The innovative assessment methods can complement existing assessment methods and provide in-depth functional assessments from neurophysiological or brain imaging perspectives, which may aid in better understanding the mechanism of neurological disorders. The innovative treatment methods show significant treatment effects in many studies. In the future, researchers involved in novel technologies targeting the rehabilitation of neurological disorders should recruit more samples from different institutions and regions to verify the stability and repeatability of the data. Additionally, more randomized controlled trials with large samples, high quality, and follow-up are needed to explore a usable protocol.
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Background: Assessing hand sensation in stroke patients is necessary; however, current clinical assessments are time-consuming and inaccurate.

Objective: This study aimed to explore the nature of light touch sensation and two-point discrimination (2-PD) of different hand sites in convalescent stroke patients based on somatosensory evoked potentials (SEP).

Methods: Light touch sensation and 2-PD of the thumb, the index finger, the little finger, thenar, and hypothenar were measured (n = 112) using sensory measurement tools. Sensory differences among the hand sites were then compared. The correlation analysis between SEP and the hemiplegic hand function was made. Sensory functions were divided into three levels: sensory intactness, sensory impairment, and sensory loss.

Results: Light touch sensations were mainly associated with sensory impairment in the finger and palm region. The 2-PD of the finger region was mainly sensory loss and that of the palm region was mainly sensory impairment. There was no statistical difference in the light touch sensation among the sites of the hand. The correlation coefficients between the 2-PD and SEP N20 amplitudes differed. The correlation coefficients of the thenar and hypothenar were the smallest, and that of the finger was the largest. Light touch sensation and 2-PD in patients with stroke were related to the hemiplegic hand function.

Conclusion: Any site on the hand could be selected as the measurement site for light touch sensation. The little finger and hypothenar may be appropriate sites when screening for 2-PD. To improve the patient’s recovery they could receive more sensory stimulation of the hand.

KEYWORDS
stroke, sensory, SEP, light touch sensation, 2-PD


1. Introduction

Nearly 85% of patients with stroke reportedly have sensory dysfunction (Wang et al., 2017; GBD 2017 Mortality Collaborators, 2018). Sensory dysfunction can affect the motor function, activities of daily living, and social participation of patients with stroke (Kessner et al., 2016; Chen et al., 2018). Increasing clinical attention has been paid to the recovery of motor function in patients with stroke, and less attention has been given to the recovery of sensory function. The reason for this may be that motor dysfunction is more easily observed than sensory dysfunction, and the impact of sensory dysfunction on patients’ activities of daily living and participation is often overlooked when motor impairment is more severe. Doctors perform sensory assessments cursorily and do not have a full picture of how the patient is feeling. As motor function improves, sensory problems become more pronounced, which affects the patient’s fine movement and motor control (Carey et al., 2018). Sensory assessment scales, which are less commonly used, do not have sufficient reliability and require a certain level of cognitive ability. Physical examinations provide a quick overview of the patient’s overall sensory function but lack objectivity. Therefore, a comprehensive, objective, and clinically efficient assessment method is needed. In addition, there is evidence that sensory retraining helps the recovery of sensory and modulated sensorimotor integration in convalescent stroke patients and improves activities of daily living and motor function in the upper limbs and hands, with different sensory stimulation sites have different effects (Diego et al., 2013; Brown et al., 2018; Lim, 2019). Therefore, selecting the right area for sensory stimulation is important for improving the efficiency of clinical rehabilitation.

The upper limbs and hands play a key role in precise gripping, motor control, and the manipulation of objects (Tonak et al., 2021) and have a significant impact on patients’ activities of daily living (Tashiro et al., 2021). The upper limb and palm of the hand have high sensory thresholds. Most sensory receptors located in the fingers and palm play different processing roles in sensory coding. Merkel cells, mainly located in the tips of the thumb, the index and middle fingers, and thenar, perceive the material of objects in contact with the skin, and Merkel cells contain the receptors that are important for monofilament touch and two-point discrimination (2-PD) (Feng et al., 2018). The large pachytene microsomal receptor area senses which part of the hand is being stimulated and then localizes the sensation (Germann et al., 2020). Normal touch in mammals requires the function of brain sodium channels in receptors, which may have implications for touch and potentially compound sensory functions when damaged (Price et al., 2000). There was no significant difference in light touch sensation in the two sides of the forearms of patients with stroke, and sensory dysfunction sites were mainly in the fingers (Peng et al., 2018). Stroke lesions are located in the central nervous system, and measurement points are generally not selected according to the distribution of the peripheral nervous system. Current measurement points for sensory assessment are mainly selected in the areas of the hand and upper limb where the function is achieved, such as the thumb and the index finger. Patients with stroke have been shown to have different sensory thresholds among the five fingers on the affected side (Enders and Seo, 2016). Suda et al. (2021) suggested that the light touch sensations of the thumb and the index finger were similar. Thus, different parts of the fingers have different receptors, thresholds, and types of sensations. Post-stroke sensory dysfunction is caused by a variety of factors, including damage to the focal brain areas that can affect hand function (Tyson et al., 2008; Umeki et al., 2018).

Somatosensory evoked potentials (SEP) are objective electrophysiological examinations that reflect proprioceptive and fine tactile conduction pathways, evaluate the sensory function, and predict prognosis. Compared to CT and MRI, SEP is less affected by aphasia, consciousness, and cognitive function and is more sensitive to stroke diagnosis (Sridharan et al., 2016; Macerollo et al., 2018). Feng et al. (2018) showed that more than half of patients with stroke had tactile abnormalities, which may be related to the loss or reduction of the higher central processing of sensory signals and changes in the somatosensory network of the brain in patients with stroke. Different waveforms of SEP represent different sources of neurogenesis, and N20 is one of the indexes that originates from the primary somatosensory cortex, which processes proprioception and fine touch. N20 is an objective, accurate, and sensitive index to examine the sensory function of patients with stroke (Macerollo et al., 2018). The prolonged latency and decreased amplitude of N20 on the affected side compared to the healthy side after stroke suggest that demyelination and axonal damage, respectively, may occur in early patients with stroke (Keren et al., 1993; Song et al., 2016). In addition, there are few studies on convalescent patients, and the parameters remain controversial. SEP can be affected by different factors; although it may be used as an auxiliary diagnostic tool, it should be used in conjunction with the patient’s clinical manifestations to make an objective and comprehensive assessment (Horn and Tjepkema-Cloostermans, 2017).

The main objective of this study was to investigate the characteristics and significance of light touch sensation and 2-PD in different parts of the hand in patients with stroke based on SEP analysis. To investigate the correlation between sensation and hemiplegic hand function, we aimed to identify more appropriate hand sensory measurement points with clinical significance and provide guidance for clinical sensory assessment and treatment.



2. Materials and methods


2.1. Participants

Patients with stroke treated in the third ward of the Department of Rehabilitation Medicine, Shijiazhuang People’s Hospital from June 2021 to August 2022, who met the diagnostic criteria for cerebrovascular disease, were selected for the study.

The inclusion criteria were as follows: (1) an age of 30–75 years; (2) first stroke with unilateral hemispheric lesions, including cerebral hemorrhage and infarction [criteria of the revised 4th National Cerebrovascular Disease Conference, 1995 (Neuroscience, and Surgery, 1997)]; (3) a disease course of 2 weeks–6 months; (4) sensory dysfunction defined as a degree of light touch sensation below grade 6 according to the Semmes–Weinstein Monofilaments (SWMs) test (Tyson et al., 2008) of at least one part of the hand, having a shortest 2-PD of > 5 mm for at least one part of the hand, or an abnormal SEP; (5) an ability to complete examinations; and (6) right-handedness evaluated by Edinburg handedness scale (Oldfield, 1971).

The exclusion criteria were as follows: (1) history of peripheral nerve damage, such as cervical spondylosis, trauma to the hands or upper limbs, and diabetic peripheral neuropathy; (2) Mini-Mental State Examination score of < 26, hemi-spatial neglect, body agony, mental, visual, hearing, and speech impairment; (3) sensory and motor dysfunction caused by other reasons; and (4) long-term use of drugs that provide nutrition for nerve or affect sensory function.

Sample size calculation. The formula for the sample size was N = [image: image], wherez1−α/2 is the percentage corresponding to an area of 1-α/2 under the standard normal distribution; p is the expected incidence rate; and ε is the percentage of the expected incidence rate. Using α = 0.05, ε= 0.1, p = 0.9 [according to the incidence of sensory dysfunction (Carlsson et al., 2018a), and realistic clinical situations], andz1−α/2 = 1.96, we calculated N = 43. Because this study used whole-group sampling, the actual sample size was multiplied by the design efficiency value, which was assumed to be 2 for N = 43. Thus, 86 cases were required; this study included 112 patients.



2.2. Procedure

The characteristics of the patients with stroke were recorded, including sex, age, physical labor intensity (Zhongliang, 1995), hemiplegic side, stroke type and location, disease course, Visual Analog Score (VAS), and Brunnstrom stage of the upper limbs and hands. Brunnstrom stage of motor function is as follows: flaccid without voluntary movement, stage I; causes joint movement of voluntary muscle contraction with the presence of spasticity, stage II; voluntary control of the movement with an intensified spasticity, stage III; spasticity starts to decline with more selective activation of muscles, stage IV; spasticity gradually recovers with a fine movement, stage V; presents individual joint movements and well-coordinated movement with normal muscle tone, stage VI (Brunnstrom, 1966). In addition, the following assessments were performed.


2.2.1. Nerve electrophysiology

The test required a quiet room at 25°C and the patient’s skin at 32–34°C. The patient was quiet and had a clean skin surface. A Dandy Keypoint 4 EMG-evoked potential device (Denmark Alpine bioMed ApS Company) was used for testing. Median nerve stimulation of SEP involved placing the stimulating electrode 2–3 cm above the transverse wrist, using square wave stimulation with a duration of 0.2 ms, a frequency of 5 Hz, and slight thumb movement. Two SEP examinations were performed for each lateral cortical recording, each stacked 100 times. The placement of the recording electrodes was marked using the EEG International 10–20 system. The contralateral C3′ and C4′ were taken as recording points, and the reference electrode was placed at the FPz point and ipsilateral earlobe. After all electrodes are installed, resistance testing is performed. SEP can be recorded only when the electrode recording impedance is between 1 and 5 kΩ. The computer superimposed the signals generated by each stimulus in the center and traced the individual potentials. The N20 latency and wave amplitude were recorded. N20 waveforms without good repeatability, prolonged N20 latency, or decreased N20 amplitude were regarded as abnormal.



2.2.2. Sensory function assessment


2.2.2.1. Semmes–Weinstein monofilament testing

Semmes–Weinstein monofilaments testing (SMWT) were selected for light-touch sensory testing (Touch Test® Complete Hand Kit, North Coast Medical Inc., USA). SWMT was performed with a constant length and different diameters of six light levels of nylon monofilaments: 0.07, 0.2, 2, 4, 10, and 300 g, representing grades 6, 5, 4, 3, 2, and 1, respectively. If the heaviest monofilament could not be measured by touch, a score of 0 was recorded. The test was performed with the patient’s eyes closed. Starting with the smallest value, the patient informed the examiner immediately when they felt a touch sensation. When using the 0.07 and 0.2 g wires, each wire was used three times by applying the wire to the skin for 1–1.5 s and then lifting it for 1–1.5 s. Each filament from 2 to 300 g was applied once only. When the nylon monofilament was bent, and the patient was still unable to feel it, the wire was changed to a heavier wire and retested. If the patient felt it two times in a row, the researcher recorded the number for the result. Five measurement sites innervated by the median and ulnar nerves were assessed, including the palmar aspect of the thumb, the index finger, the little finger, thenar, and hypothenar (Fedorczyk, 2002). The interval for each measurement site was at least 5 s. Grade 6 was considered sensory intactness; grades 2–5 were considered sensory impairment; and grades 0–1 were considered a sensory loss. Whereby at least two of the five sites on the affected side were considered to have a poor light touch sensation if the result was = 2. In addition, if one or none of the five sites got a grade of = 2, we considered it to have a good light touch sensation (Tyson et al., 2008; Peng et al., 2018). The thumb, the index finger, and the little finger were classified as the finger group. The thenar and hypothenar were classified as the palm group. The same is as the following 2-PD.



2.2.2.2. 2-PD

The 2-PD test tool (Touch Test® Complete Hand Kit, Two-Point Discriminator, North Coast Medical Inc., USA) was used to evaluate 2-PD. With the patient’s eyes closed, the examiner recorded the smallest distance that could be felt between two points. The measurement range was 2–15 mm, and measurements > 15 mm were out of range. The test site was the same as that used for light touch sensation testing. The interval for each measurement site was at least 5 s. Patients’ fingers with a 2-PD of 2–5, 6–15, and > 15 mm were considered to have sensory intactness, sensory impairment, and sensory loss, respectively (Peng et al., 2018). The standard of the patients’ palms was that < 12 mm was regarded as sensory intactness, 12–15 mm was regarded as sensory impairment, and > 15 mm was regarded as sensory loss (Dawei et al., 2018). We defined > 15 mm as 16 mm. If two of the five sites’ results on the affected side were > 15 mm, the hand was considered to have lost 2-PD (Tyson et al., 2008; Peng et al., 2018).



2.2.2.3. Motor function assessment

Hemiplegic hand function was used to assess the hand function of patients with stroke. Patients were required to gradually complete five kinds of movements. If they could not complete all the tasks, the grade was recorded as I. If they could complete 1, 2, 3, 4, or 5 kinds of movement, then the grades were recorded as II, III, IV, V, and VI, respectively (Zhao et al., 2022).





2.3. Data analysis

Statistical software (SPSS 26.0; IBM, Chicago, Illinois, USA) was used to analyze the data. Measurement data that conformed to a normal distribution are expressed as ([image: image]± SD), while data that did not conform to a normal distribution are expressed as median (P25–P75). Differences were considered statistically significant at p < 0.05. The light touch impairment level of the thumb, the index finger, and the little finger was aggregated for each patient as the impairment level for the finger group. The final distribution of light touch sensation in the finger group was obtained by summing all included patients. The distribution of light touch sensation in the palm group was obtained by summing the impairment grades of the thenar and hypothenar for all patients. 2-PD was calculated in the same way. The Pearson correlation required the two sample data distributions to be normal. If there were variables that did not conform to a normal distribution, Spearman’s correlation was used. We make the correlation between the grade of light touch sensation and N20 parameters. The correlation between the distance of 2-PD and N20 parameters was also made. Wilcoxon signed-ranks tests were used to compare the light touch sensation, 2-PD, and N20 amplitude and latency between the unaffected and affected sides of patients with stroke. The mean levels of light touch sensation and 2-PD in the fingers (including the thumb, the index finger, and the little finger) and palm (including the thenar and hypothenar) were counted separately, and the percentage of their corresponding numbers was calculated. Within- and between-group comparisons were performed using the Mann–Whitney, Kruskal–Wallis, and chi-square tests, and multiple comparisons were performed using the S-N-K method if the data distribution locations were not the same between groups. The Spearman correlation was performed between the light touch sensation and the N20 wave amplitude, latency, and hemiplegic hand function for all testing sites in the included patients. 2-PD was performed with the same Spearman correlation as the light touch sensation.




3. Results

A total of 112 patients with stroke, age (54.13 ± 11.87) years, were included in this trial. There were 48 cases of cerebral hemorrhage and 64 cases of cerebral infarction; 79 patients were male and 33 were female. All participants were right-handed before the stroke. Detailed clinical patient characteristics are presented in Table 1, and the Brunnstrom stage data are presented in Figure 1.


TABLE 1    Patients’ characteristics.

[image: Table 1]


[image: image]

FIGURE 1
Brunnstrom stage distributions in the hand (A) and upper limb (B) of 112 patients.



3.1. Comparison of light touch sensation and 2-PD in patients with stroke

The distribution of light touch sensation and 2-PD in the finger and palm regions of patients with stroke is shown in Figure 2. Figures 2A, B show the level of light touch sensation in the finger and palm regions, respectively. The light touch sensation level was dominated by sensory impairments in both the finger and palm regions. The 2-PD level of the finger region was dominated by sensory loss (Figure 2C), and the palm region was mainly sensory intactness (Figure 2D). The degree of 2-PD dysfunction was worse in the palm region than in the finger region. There were significant differences in the levels of light touch sensation and 2-PD impairment in both finger and palm regions (Table 2).


[image: image]

FIGURE 2
Sensory dysfunction distribution in 112 patients with stroke. Light touch sensation in the finger (A) and palm (B) regions; 2-PD in the finger (C) and palm (D) regions.



TABLE 2    The level of sensory in the finger and the palm region.

[image: Table 2]



3.2. Distribution of patients with stroke and the corresponding degree of light touch sensation dysfunction in five hand regions

There was no significant difference in the number of patients corresponding to the degree of sensory dysfunction among the various parts of the fingers (x2 = 1.344, p = 0.511), and the distribution of the degrees of sensory intactness, impairment, and loss in the different locations was not significant (x2 = 0.556, p = 0.757) (Table 3).


TABLE 3    Degree of light touch sensation dysfunction.

[image: Table 3]



3.3. Distribution of participants corresponding to the degree of 2-PD dysfunction in five hand regions

There was a statistically significant difference in 2-PD among the five parts. Multiple comparisons showed a statistically significant difference among the thenar and thumb, the index finger, and the little finger (p < 0.001). There was also a statistically significant difference between the hypothenar and thumb, the index finger, and the little finger (p < 0.001). However, there was no statistical difference between the fingers (the thumb, the index finger, and the little finger) or between the thenar and hypothenar regions.

The three degrees of 2-PD impairment were statistically different at different locations (p = 0.525), with most 2-PD graded as sensory loss (39.1%) (Table 4).


TABLE 4    Degree of 2-PD dysfunction.

[image: Table 4]



3.4. Correlation of light touch sensation and 2-PD

The two sides of the patients with stroke had significant differences in light touch sensation and 2-PD (p < 0.001). In a total of 112 patients, 44 patients had good light touch sensation and 36 patients had a 2-PD sensory loss. There were 8 patients without good light touch sensation and having 2-PD sensory.



3.5. Correlation of SEP with light touch sensation and 2-PD

The included patients had an elicitation rate of 93.75%; seven patients did not elicit N20 waveforms with good repeatability. Of the included patients, 65 had a decreased N20 amplitude and/or prolonged latency, with an abnormal rate of 61.32%. The two sides of the patients with stroke demonstrated a significant difference in the N20 latency and amplitude (latency: z = −3.752, p < 0.001; amplitude: z = −4.428, p < 0.001). The N20 amplitude was positively correlated with 2-PD and light touch sensation in each part of the hand, and all were statistically different. The correlation coefficient between the N20 amplitude and 2-PD in the little finger was the largest (r = −0.409, p < 0.001) (Table 5).


TABLE 5    The relationship between sensation and N20.

[image: Table 5]



3.6. Correlation of hemiplegic hand function with sensation

The grade of hemiplegic hand function in patients with stroke was positively correlated with the light touch sensation of each part of the affected side and negatively correlated with 2-PD. The correlation coefficient between the 2-PD of the little finger and hemiplegic hand function (r = −0.359, p < 0.001) was the largest (Table 6).


TABLE 6    The relationship between hemiplegic hand function and sensation.

[image: Table 6]




4. Discussion

Post-stroke sensory dysfunction not only affects patients’ perception of pins, needles, temperature, and pain (Goodin et al., 2018) but also affects motor function and activities of daily living (Carlsson et al., 2018a). The current clinical procedures for sensory assessment are complex, and the criteria are unclear; therefore, more comprehensive and accurate assessments are needed to provide a basis for training. This study evaluated 112 patients with stroke with at least one type of sensory dysfunction and found that light touch sensation was dominated by sensory impairment, and the distribution of light touch sensation was different in both the finger and palm regions, with no significant difference. Both finger and palm regions experienced sensory impairment (65%), and sensory intactness was the least experienced. One study using the same assessment method and criteria calculated a rate of light touch sensory loss of approximately 25.5% (Tyson et al., 2008), compared to 32% in this study. This may be because our study included convalescent stroke patients with sensory dysfunction but did not include patients with stroke with normal sensations (Tyson et al., 2008). The 2-PD distribution in the palm and finger regions was different; the finger region experienced predominantly sensory loss (38%) and the palm region experienced predominantly sensory loss (39%). The hands have fine motor skills, and the sensory cortex occupies a large proportion of the functional areas of the brain (Williams and Warwick, 1973). Hand sensory impairment is one of the common manifestations of hemiplegia, which affects the flexibility of hand movements (Kitai et al., 2021). We found that the impairment of 2-PD was worse than that of light touch sensation in patients with stroke, which is consistent with Lima et al. (2015) and Wolny et al. (2017). However, Tyson et al. (2008) found no significant difference in light touch sensation and 2-PD among the elbow, the wrist, and the thumb. This may be because they included patients with stroke at 2–4 weeks who were more severe and had poorer motor functions. In addition, anxiety, depression, and cognitive impairment affect patient perceptions (Paolucci, 2017).

Light touch sensation and 2-PD differed in patients with stroke at different measurement points, and the site of choice may reflect different functional levels. Peng et al. (2018) found that 2-PD in the index finger was negatively correlated with the Fugl-Meyer Assessment of the upper extremities (FMA-UE) in elderly patients with stroke, whereas 2-PD in the thenar was not correlated with FMA-UE. There was a significant difference in sensory function between the unaffected and affected sides of the thumbs and the index fingers in patients with stroke but not in the thenars (Peng et al., 2018). Enders and Seo (2016) found that stroke patients with sensory impairment had greater deviations from the normal strength measured in each finger than those without sensory impairment, suggesting that differences in the pinch grip control in each finger may be related to hyperalgesia in each finger. Similar results were found in the present study; there was no significant difference in light touch sensation among all parts of the hand, and there was a significant difference in 2-PD among all parts of the hand, providing a basis for clinical evaluations. Carlsson et al. (2018b) studied the effect of sensorimotor training in patients with stroke and more thoroughly examined the effect of treatment by performing a sensory analysis of digits I, II, and V in the thenar and hypothenar regions. Although such an evaluation method improves the accuracy of the objective examination, it is time-consuming. Whether this represents the true nature of sensory impairment is worth investigating.

The SEP, a neurophysiological detection method commonly used in clinical practice, is stimulated mainly by the Ia fiber at the end of the limb, reflecting the conductive proprioceptive and fine tactile sensations, such as 2-PD and the tactile sensation of discriminating the texture of objects, of the posterior cord medial tegmental system. Currently, it is the most objective method for evaluating sensory pathways (Karnaze et al., 1987). The waveforms of the SEP latency could indicate the source of neurogenesis; N20 is generally considered to represent the cortical activity of the postcentral gyrus recorded during the stimulation of the median nerve (Tamura et al., 2009). We found that the N20 amplitude was mostly reduced and correlated with the level of sensory function in patients with stroke. Some studies found that early patients with stroke had predominantly axonal damage, manifested by a decreased N20 amplitude. The reason why the N20 latency was not correlated with the sensory function was that there were fewer stroke patients with demyelinating changes (Wang et al., 2012; Chen et al., 2021; Yoon et al., 2021). Al-Rawi et al. (2009) showed that the N20 amplitude correlated with the Medical Research Council score and could represent the level of function in patients with stroke, which was consistent with the results of this study. We found that light touch sensation and 2-PD had no relationship with the N20 latency. Tzvetanov and Rousseff (2005) found no correlation between the N20 latency and limb function in patients with acute stroke, which is consistent with our results. Keren et al. (1993) found that the median nerve SEP with a prolonged latency and shortened amplitude was also associated with poor motor function. It may be related to the fact that the SEP component studied by Keren et al. (1993) was not N20. Few studies have examined the correlation between SEP and sensory function in patients with stroke. The variations in these studies may be related to the duration of the disease, age, and other factors.

In this study, we found that both light touch sensation and 2-PD were correlated with the N20 amplitude. Light touch sensation was not significantly different among all parts of the hand and was weakly correlated with the N20 amplitude. The correlation coefficients between the light touch sensation of the hand and the N20 amplitude were different, with smaller correlation coefficients for the palm of the hand (thenar and hypothenar) and larger correlation coefficients for the fingers (with the little finger > thumb > index finger). Therefore, it is recommended that when screening the sensation of patients with stroke, any part of the fingers or palm should be selected to assess light touch sensation. For 2-PD, the finger and palm regions represented different sensory states; we could select the little finger for the fingers and any part of the palm. Suda et al. (2021) found that the light touch sensation between the thumb and the index finger was not significant and was consistent with the results of our study. In contrast, 2-PD is a complex sensation that requires not only a complete medial thalamus sensory transmission pathway but also a deficit in cognitive function that could affect the discrimination of general sensations during the assessments (Harvey, 2019). It was reported that there was a correlation between sensory and cognitive function in a normal aging sample (Tay et al., 2006). Lin and Jia (2020) demonstrated that cognitive function recovery is important in the areas of sensory, memory, attention, and emotion. Sensory training is inseparable from good attention and thinking and memory skills and influences cognitive behaviors such as attention and perception (Lin and Jia, 2020). The accuracy and authenticity remain to be verified.

Most studies have shown that sensory and motor functions are closely related to patients with stroke. Meyer et al. (2014) performed a meta-analysis of six articles to examine the relationship between proprioceptive deficits and function in patients with stroke and found that light touch sensation combined with proprioception was significantly associated with upper limb motor function and activities of daily living. To study the effect of intensive sensorimotor training in patients with stroke, Diego et al. (2013) divided patients into two groups: a control group undergoing conventional rehabilitation and an experimental group undergoing additional intensive sensorimotor training. The results showed that the latter was more statistically significant in the Fugl-Meyer test. The results of our study showed that the hemiplegic hand function was positively correlated with the light touch sensation of the hand and negatively correlated with 2-PD, which is more consistent with the results of Diego et al. (2013) and Meyer et al. (2014). Sensory function decreases after stroke and correlates with hemiplegic hand function, with the highest correlation coefficient observed in the thumb. To improve disabilities in patients with stroke, more sensory stimulation of the thumb can be provided. In addition, this study also found 10 patients with a normal light touch sensation but with 2-PD loss, 35 patients presenting with both light touch sensation and 2-PD loss, and only 1 patient presenting with a light touch sensation with normal 2-PD. This was generally consistent with the majority of studies that demonstrate that light touch sensation could be exempted from the 2-PD test if it was lost (Barnett, 1998; Carlsson et al., 2018a). However, our study also found that light touch sensation was poor, whereas 2-PD may not be poor, and 2-PD is related to the ability to perform daily activities. Therefore, assessing 2-PD in the sensory assessment was necessary if the light touch sensation was poor. The little finger and hypothenar may also better represent the function of 2-PD.

However, this study had some limitations. First, the difference between two adjacent monofilaments is not very large so that it may lead to the limited use of SWMT. Furthermore, light touch sensation and 2-PD may not be simple examinations of superficial and compound sensory sensations. The formation of light touch sensation and 2-PD was complex, and the assessment process was influenced by the patient’s injury location and subjective consciousness, which may influence the accuracy. The education level, occupation, living habits, etc., may be factors that affect the epidermal thickness, which may affect sensation (Zimmerman et al., 2014; Fu et al., 2016). It is worth exploring whether they represent superficial and compound sensory stimuli. In this study, when the patient could not feel the touch of the heaviest monofilament, they got a score of 0. However, for example, patients may feel a monofilament weighing 448 g, a score of 0 was still credited according to the criteria of this study. It may confuse the level of this patient’s light touch sensation. The weight span of the monofilament selected in this study is large, which limits its use in the evaluation. Second, SEP is a highly sensitive neurophysiological index that may be influenced by noise as well as physiological factors such as height and weight. In addition, the disease duration may be a factor that influences N20, which may explain the lack of a statistical difference between the sensory function and N20 latency. Besides that, we just exclude the patients with a history of cervical spondylosis, which had an effect on their daily living through their CT or MRI of the cervical spine. Those patients who did not undergo a relative examination presenting mild symptoms were not completely excluded. Furthermore, tremors or spasms are a source of noise in patients after stroke, which in turn affects SEP. The sweep number of SEP was only 100 accumulation in this study. In the next study, we will consider the noise of SEP and expand the sweep number of SEP to 500 accumulate (Tashiro et al., 2019). Therefore, further research will involve examining shorter disease durations. Finally, this study only evaluated light touch sensation and 2-PD without screening for deep sensation; therefore, more in-depth and comprehensive studies are needed on the dysfunction of sensory function in patients with stroke.
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Objectives: To observe the efficacy of botulinum toxin type A (BoNT-A) for the spasticity of the lower-limb post-stroke on gait and posture control.

Methods: A total of 46 patients with hemiplegia gait were randomly divided into the experimental group (23 patients) and the control group (23 patients). In patients in the experimental group received injections of BoNT-A by electrical stimulation-guided. At the same time, patients of the two groups received routine physical therapy. Gait analysis, plantar pressure analysis, lower-limb Fugl–Meyer assessment (L-FMA), 10 meter walking test (10MWT), timed “Up and Go” test (TUGT), and modified Ashworth Scale assess (MAS) of the lower limbs were performed at 0, 1, 4, and 12 weeks after treatment.

Results: At 1, 4, and 12 weeks after treatment, the L-FMA, stride length, speed, and TUGT significantly improved than 0 week in both groups. The L-FMA and peak of forefoot pressure, and MAS results in the experimental group were better than those in the control group at 4 and 12 weeks. The TUGT, speed, and stride length in experimental group was significantly shortened than that in control group at 1, 4, and 12 weeks.

Conclusion: Botulinum toxin type A injection can improve motor functions of the lower limb, gait, spasticity, forefoot pressure, and posture control of patients after stroke.

KEYWORDS
stroke, botulinum toxin A, gait, spasticity, posture control


Introduction

Stroke is one of the leading causes of death and adult disability globally (Wang, 2022). A total of 75% of patients who sustain a stroke have limitations in walking (Abilleira et al., 2005), and the most common pattern of walking impairment post-stroke is hemiparetic gait. Patients with post-stroke hemiparesis may experience classic changes in spatiotemporal, kinematic, and kinetic parameters. A hemiplegic gait is often described as insufficient knee flexion or knee hyperextension, hip lifting, external rotation, ankle varus, and plantarflexion of the affected side limb (Sheffler and Chae, 2015; Nikamp et al., 2019). Most of this gait pattern is caused by spasticity. The spasticity after central nervous system injury is the main cause of this typical abnormal pattern. Spasticity is a common complication in upper motor neuron syndrome after neurological diseases, which is characterized clinically by a velocity-dependent increase in muscle tone and the stretch reflex. In the single hemiplegic side limb-supporting phase, the foot is in the abnormal position. This equinovarus foot posture affects gait, standing, and weight transfer (Tao et al., 2015). Furthermore, spasticity of the lower limb can impair the function of daily activities and increase the risk of falls (Thibaut et al., 2013).

The spasticity should be treated in time, triceps spasm in calves causes forefoot landing and knee hyperextension (Sankaranarayan et al., 2016). Spasms of the posterior tibialis muscle and flexor digitorum longus (FDL) muscle can cause strephenopodia and toe flexion (like Figure 1). This abnormal movement pattern leads to a decrease in walking speed and falls (Paula et al., 2019a).


[image: image]

FIGURE 1
Common patterns of varus and toe flexion after stroke. (A) Foot drop; the heel can not land first replaced by the anterolateral edge of the foot. (B) In the weight-bearing phase, the spasm of the flexion muscle of the toes increases with the increase of the weight of the affected limb, the arch of the feet cannot support the weight stably. In the off-ground, the toes cannot be lifted off the ground by dorsiflexion.


Botulinum toxin type A injections are effective in treatments available for spasticity (Baker and Pereira, 2016). BoNT-A is used to reduce the excessive activity of the focal muscles of upper motor neuron injured syndrome (Pandyan et al., 2005). BoNT-A can induce weakness, relax the target muscles temporarily, and make them easier to be extended. This can alleviate neurogenic and biomechanical factors that contribute to the spasticity.

Studies have shown that Botox injection can significantly reduce lower limb muscle tone (Kaňovsk et al., 2021), improve walking speed (Marciniak et al., 2019), and improve ankle motion (Marciniak et al., 2019). However, there is insufficient evidence to support the improvement of lower limb gait and postural control. There are fewer data reporting the efficacy of BoNT in well-designed clinical trials in adults with lower-limb spasticity (Santamato et al., 2019). In this study, we used a plantar pressure system and performed gait analysis to evaluate the effect of BoNT-A injection on the lower limb, gait, and posture control function.



Materials and methods


Study design

The study was performed as a randomized controlled trial with single-blinded assessments. The assessors and statisticians were blinded to the group assignment. That was approved by the Ethics Committee of Beijing Tiantan Hospital, Capital Medical University (KY2020-069-01). The registration number of this clinical trial was ChiCTR2000037479.



Study participants

A total of 46 patients with hemiplegia gait after stroke localized to the corticospinal tract were included in the Department of Rehabilitation Medicine of Beijing Tiantan Hospital from 1st January, 2021 to 31st July, 2022. This study used nets sample size calculator. The patients were randomly divided into treatment and control groups using random number table1 (23 patients in each group). Randomization was performed by one doctor who was not involved in other work of this study. The inclusion criteria were as follows: (1) first-ever stroke; (2) age of 35–65 years; (3) ≤6 months post-stroke; (4) they had slight spasticity at resting state of the triceps surae as defined by a score of 1−1+ on the MAS or ankle clonus (+); (5) at Brunnstrom recovery stage III–IV; (6) walking with hyperextension or foot drop or toe flexion deformity. (7) no obvious effect after oral anti-spasticity medications for at least 1 month. (8) Mini-mental state examination (MMSE) score > 25. The exclusion criteria were as follows: (1) other cerebrovascular diseases; (2) sensory impairment; (3) other osteoarticular system diseases; (4) history of BoNT injection; (5) severe allergic constitution.

All participants signed informed consent.



Study protocol


Intervention

In the control group, patients received routine rehabilitation treatment, including oral anti-spasticity medications and the use of ankle-foot orthotics. In this study, we did not intervene in the choice of medication, method of rehabilitation, and brace type. In the experimental group, patients received BoNT-A (Allergan) injection and routine rehabilitation treatment without oral anti-spasticity medications. The injection was administered by the same physician using electrical stimulation-guided injection. The injection dose and target sites were selected by the physician after individual assessment, referring to Chinese guidelines for the treatment of adult limb spasm with BoNT (Li et al., 2015). The main target muscles were selected mainly depending on gait patterns including quadriceps femoris (QF), gastrocnemius (GS), tibialis posterior (TP), flexor hallucis longus (FHL), FDL, FD brevis (FDB), and FH brevis (FHB) [specific operations followed table (Table 1)].


TABLE 1    BoNT-A injection scheme protocol.
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Outcome measures

All patients were evaluated using a modified Ashworth Scale assess (MAS), Fugl–Meyer assessment (FMA) of the lower limbs, gait analysis, dynamic plantar pressure analysis, and timed “Up and Go” test (TUGT) at 0, 1, 4, and 12 weeks. These assessments were performed by another physician.

Modified Ashworth Scale assess was used to evaluate the spasticity of the GS muscle, and the score ranged from 0 to 5 grades (instead of 0, 1, 1+, 2, 3, and 4).

The motor function of the lower limb was assessed using the lower-limb FMA (L-FMA) motor score (from 0 to 34 grades). The walk and balance functions were assessed using a gait analysis and plantar pressure analysis system (zebris FDM 1.12).



10 meter walking test

Patients were asked to walk 12 m forward in a state of natural speed, assessor recorded the time they spent between 1 and 11 m (Yeung et al., 2018).



TUGT

The patients were required to sit on the chair after which the researcher began to record with a stopwatch from the moment the patient got up, walked for 3 m, turned around the cone, and returned to sit down (Dong et al., 2021).

Zebris gait analysis and plantar pressure measurement system (zebris FDM 1.12) was used in this study. The patients were required to take off the shoes on the platform. The participant was asked to release the railings, turn on the evaluation device, and then stop the device after walking for the 30 s. The device mainly recorded the data of both lower limbs while walking, including the peak plantar pressure (N/cm2) of the forefoot and heel, and the gait parameters.

Follow-up was performed at 1, 4, and 12 weeks after injection.





Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA, USA). All data sets were tested for normality. Descriptive summary statistics for differences between the two groups of baseline data are presented using the Kruskal–Wallis test. Continuous variables are expressed as the mean ± standard deviation. Differences within the groups before and after treatment were analyzed using one-way analysis of variance (ANOVA). Differences between the two groups were analyzed using unpaired T test. A p-value of < 0.05 was considered statistically significant.



Results

During the follow-up, three patients did not complete the study (two from the experimental group and one from the control group). Among these, one from the experimental group had a second stroke during follow-up, whereas the other from the experimental group patient could not reach the hospital on time to complete the evaluation. The one from the control group patient had a hip fracture because of a fall. Thus, 43 patients completed the follow-up (21 from the experimental group and 22 from the control group). No side effects were reported. The flow diagram for enrollment and outcomes like Figure 2.
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FIGURE 2
The flow diagram of the study.


The statistical results can be shown in Table 2. In the control group, the scores of MAS were increased for the three patients at 1 and 4 weeks. A total of 8 patients showed no changes in MAS, and 11 patients had improved muscular tone. In the experimental group, all the scores of MAS decreased after injection and until 12 weeks.


TABLE 2    Baseline characteristics of active and sham groups.
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At 1, 4, and 12 weeks after treatment, L-FMA significantly improved compared with that before treatment in both the groups (control group: P = 0.000; experimental group: P = 0.000). Analysis between the two groups showed significant improvement in L-FMA in the experimental group compared with the control group at 4 and 12 weeks (P = 0.000), there was no significant difference between the two groups at 1 week (P = 0.0736; Figure 3).
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FIGURE 3
Changes in lower-limb Fugl–Meyer assessment (L-FMA) scores. (A) Scores of L-FMA at 1, 4, 12 weeks compared with that at 0 week in control group; (B) scores of L-FMA at 1, 4, 12 weeks compared with that at 0 week in experimental group; (C) scores of L-FMA at 0, 1, 4, and 12 weeks in experimental group compared with control group; *p < 0.05.


At 1, 4, and 12 weeks after treatment, TUGT significantly decreased compared with that before treatment in both the groups (control group: P = 0.000; experimental group: P = 0.000). Analysis between the two groups showed significant improvement in TUGT in the experimental group compared with the control group (P = 0.000; Figure 4).
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FIGURE 4
Changes in timed “Up and Go” tests (TUGTs). (A) TUGT at 1, 4, and 12 weeks compared with that at 0 week in control group; (B) TUGT at 1, 4, and 12 weeks compared with that at 0 week in experimental group; (C) TUGT at 0, 1, 4, and 12 weeks in experimental group compared with control group; *p < 0.05.


The stride length was significantly improved compared with that before treatment in both the groups at 4 and 12 weeks after treatment (control group: 4 weeks P = 0.010 and 12 weeks P = 0.000; experimental group: P = 0.000). Analysis between the two groups showed significant improvement in stride length in the experimental group compared with the control group (P = 0.000). At 1 week, no significant difference was observed compared with that before treatment in the control group (P = 0.8118). In the experimental group, a significant difference was observed at 1 week compared with that before treatment (P = 0.000; Figure 5).
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FIGURE 5
Changes in stride length (cm). (A) Stride length at 1, 4, and 12 weeks compared with that at 0 week in control group; (B) stride length at 1, 4, and 12 weeks compared with that at 0 week in experimental group; (C) stride length at 0, 1, 4, and 12 weeks in experimental group compared with control group; *p < 0.05.


The speed of 10 meter walking test (10MWT) in the experimental group was higher than that of the control group (control group at 1 week P = 0.027, the others and experimental group P = 0.000). In the experimental group, the speed significantly improved at 1, 4, and 12 weeks compared with 0 week (P = 0.000). Analysis between the two groups showed significant improvement in speed of walking in the experimental group compared with the control group (P = 0.000; Figure 6).
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FIGURE 6
Changes in speed of 10 meter walking test (10MWT) (cm/s). (A) The speed at 1, 4, and 12 weeks compared with that at 0 week in control group; (B) speed at 1, 4, and 12 weeks compared with that at 0 week in experimental group; (C) speed at 0, 1, 4, and 12 weeks in experimental group compared with control group; *p < 0.05.


The peak of forefoot pressure in the experimental group was significantly higher than that in the control group (P = 0.000). No significant change was observed after 1 week compared with that after 0 week in the control group (P = 0.967). At 4 and 12 weeks after treatment, forefoot pressure was significantly increased compared with that at 0 week (P = 0.000). In the experimental group, it significantly improved at 1, 4, and 12 weeks compared with 0 week (P = 0.000; Figure 7). No significant difference was observed in the peak of rear foot pressure between the two groups (0 week: control group and experimental group P = 0.993; 1 week: control group and experimental group P = 0.543; 4 weeks: control group and experimental group P = 0.323; and 12 weeks: control group and experimental group P = 0.145). The peak of rear foot pressure did not significantly change at 1, 4, or 12 weeks compared with 0 week in the control group after treatment (1 week: P = 0.956, 4 weeks: P = 0.550, and 12 weeks: P = 0.265). After injection, forefoot pressure significantly increased at 4 and 12 weeks compared with 0 week in the experimental group (4 weeks: P = 0.017 and 12 weeks: P = 0.035; Figure 8).
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FIGURE 7
Changes in peak of forefoot pressure (N). (A) Forefoot pressure in control group at 1, 4, and 12 weeks compared with that at 0 week; (B) forefoot pressure at 1, 4, and 12 weeks compared with that at 0 week in experimental group; (C) forefoot pressure at 0, 1, 4, and 12 weeks in experimental group compared with control group; *p < 0.05.
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FIGURE 8
Changes in peak of rear foot pressure (N). (A) Rear foot pressure in control group at 1, 4, and 12 weeks compared with that at 0 week; (B) rear foot pressure at 1, 4, and 12 weeks compared with that at 0 week in experimental group; (C) rear foot pressure at 0, 1, 4, and 12 weeks in experimental group compared with control group; *p < 0.05.




Discussion

In this study, we studied whether a lower-limb injection of BoNT-A in the spastic muscle of patients with stroke could improve their walking ability. BoNT-A injection could significantly improve motor function of the lower limb, gait, spasticity, forefoot pressure, and posture control of patients.

A common incapacitating disease in adults is stroke (Araujo et al., 2018). Motor function is the primary treatment strategy that is most essential for the ability to perform daily activities independently for patients and families (Tyson and Kent, 2013). After a stroke, most of the abnormal movement patterns are caused by spasticity. Gracies et al. (2017) reported that BoNT-A injection for lower-limb treatment significantly reduced the MAS of the triceps calf after 4 weeks of injection, and they also proved that in the case of repeated injection, patients could have continuous improvement in muscle tone. Fietzek et al. (2014) reported that BoNT-A reduced the MAS scores over all follow-up data after 24 weeks after injection. In this study, the MAS of some patients in the control group was worsened, and some patients showed no change. Upper limb treatment for spasticity reportedly improves muscle tone after stroke; however, treatment outcome after lower limb or pes equinovarus has not been reported (Wissel et al., 2017). Therefore, the ability of BoNT-A to improve lower-limb spasticity and its benefits in treating lower-limb spasticity and spastic equinus foot cannot be ignored. In the experimental group, the MAS of all patients was better than that before injection.

Rousseaux et al. (2014) reported that after BoNT-A injection, the spasticity, passive range of motion, limb positioning, and pain were improved, but the motor function remained unchanged. Controversy exists about improvements in motor function after BoNT-A treatment, Wu et al. (2016) demonstrated the improvement of FMA, but the gait speed was not improved in a systematic review and meta-analysis. Tao et al. (2015) reported BoNT-A injection can increase a FMA at 4 and 8 weeks after treatment. In this study, rehabilitation could improve L-FMA, and the motor function was better after BoNT-A injection than in the control group.

Tao et al. (2015) also reported that BoNT-A injection can increase a patient’s stride length, speed at 4 and 8 weeks. Bensmail et al. (2021) reported that BoNT-A injection can improve functional ambulation classification scale scores after 2 weeks and improve independent walking. Gracies et al. (2015) reported that walking speed of patients improvement at 12 weeks after injection. This study showed significant improvement in speed of walking in the experimental group compared with the control group.

The most common synkinesis motion pattern of lower extremity extensor muscles, a fundamental principle of motor control, is the alternating contraction of antagonistic flexor and extensor muscles, which is required for all motor behaviors, including locomotion (Ausborn et al., 2018). Spastic equinus foot is caused by spasms of calf triceps, FDL, or FHL and reduces the lower limb stability and affects walking and hemiplegic lower limb weight bearing (Ferreira et al., 2013). Thus, the pressure of the center of gravity in the weight-bearing phase cannot be transferred forward to the medial side. Spasticity can exacerbate asymmetrical hemiplegia gait that includes equinus foot. Gait analysis after BoNT-A injection has been performed in a few studies, but analysis of plantar pressure after BoNT-A injection has not been reported. Manipulative treatment and bracing treatment are commonly used for treating foot drop (Ibuki et al., 2010; Paula et al., 2019b). Clinical observations in our study have shown that the patients were often accompanied by obvious foot varus and spasms of the toe muscles (Yu, 2021). After a stroke, treating foot varus is more difficult than treating foot drop. In a walking cycle, the lateral edge of the foot lands, and in the support phase, plantar pressure cannot sufficiently be transferred from the hindfoot to the medial side of the forefoot (Tao et al., 2015; Yu, 2021).

In this study, although stride length improved significantly in both the groups, the improvement was greater in the injection group and BoNT-A injection could increase the pressure on the forefoot more significantly than that in the control group. The gait control of patients after BoNT-A injection was better than that of patients in from the control group. BoNT-A injection can improve the extensibility of lower limb and plantar muscles, which can transfer plantar pressure from the lateral edge to the anterior side of the foot, and improve load-bearing capacity and gait stability.

Timed “Up and Go” test can be used to detect the risk of falls in stroke patients. Based on the results of this study, the improved TUGT test can record postural control ability in more detail under different motor modes (Yu et al., 2021). This study showed that rehabilitation could improve TUGT, and the motor function was better after BoNT-A injection than in the control group, which means BoNT-A injection can improve postural control more effectively and reduce the risk of falling. Few research about the plantar pressure and TUGT after injection of BoNT-A was reported, so more research is needed.



Limitation

This study was a small sample, single center study, results, and data were not comprehensive. The design of the experiment may not be very rigorous. At the same time, due to the limited conditions, our evaluation equipment is unadvanced and lacks more objective indicators. It is hoped that a multi-center study will be carried out in future studies, and more objective indicators such as electromyography and ultrasound will be collected.



Conclusion

Botulinum toxin type A injection can improve gait and postural control and reduce the risk of falls for patients with pes equinovarus due to triceps surae and toe muscle spasm and other patterns of lower-limb post-stroke spasticity.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Tiantan Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

D-WZ and H-XY: conceptualization. H-XY: methodology, investigation, writing—original draft preparation, visualization, and project administration. C-BL: software. D-WZ, S-HL, and H-XY: validation. Z-XW: formal analysis and data curation. H-XY and PD: resources. H-XY and S-HL: writing—review and editing. PD: supervision. D-WZ: funding acquisition. All authors have read and agreed to the published version of the manuscript.



Funding

This work was supported by grants from the National Natural Science Foundation of China (Grant Numbers: 82072532 and 82000723) and National Natural Science Foundation of Capital Medical University (Grant Number: XZR2021-114).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

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


Footnotes

1     http://www.calculator.net/sample-size-calculator.html


References

Wang, C. (2022). The role of neuromodulation to drive neural plasticity in stroke recovery: a narrative review. Brain Netw. Modul. 1, 2–8. doi: 10.4103/2773-2398.339171

Abilleira, S., Ribera, A., Sánchez, E., Roquer, J., Duarte, E., Tresserras, R., et al. (2005). Management of adult stroke rehabilitation care: a clinical practice guideline. Stroke 36, e100–e143.

Sheffler, L., and Chae, J. (2015). Hemiparetic gait physical medicine & rehabilitation clinics of North America, 2015. Phys. Med. Rehabil. Clin. N. Am. 26, 611–623. doi: 10.1016/j.pmr.2015.06.006

Nikamp, C., Hobbelink, M., Job, V., Hermens, H. J., Rietman, J. S., and Buurke, J. H. (2019). The effect of ankle-foot orthoses on fall/near fall incidence in patients with (sub-)acute stroke: A randomized controlled trial. PLoS One 14:e0213538. doi: 10.1371/journal.pone.0213538

Tao, W., Yan, D., Li, J. H., and Shi, Z. H. (2015). Gait improvement by low-dose botulinum toxin A injection treatment of the lower limbs in subacute stroke patients. J. Phys. Ther. Sci. 27, 759–762. doi: 10.1589/jpts.27.759

Thibaut, A., Chatelle, C., Ziegler, E., Bruno, M., Laureys, S., and Gosseries, O. (2013). Spasticity after stroke: Physiology, assessment and treatment. Brain Inj. 27, 1093–1105.

Sankaranarayan, H., Gupta, A., Khanna, M., Taly, A. B., and Thennarasu, K. (2016). Role of ankle foot orthosis in improving locomotion and functional recovery in patients with stroke: A prospective rehabilitation study. J. Neurosci. Rural Pract. 7, 544–549. doi: 10.4103/0976-3147.185507

Paula, G. V., Silva, T. R., Souza, J. T., Luvizutto, G. J., Bazan, S. G., Modolo, G. P., et al. (2019a). Effect of ankle-foot orthosis on functional mobility and dynamic balance of patients after stroke: Study protocol for a randomized controlled clinical trial. Medicine 98, e17317. doi: 10.1097/MD.0000000000017317

Baker, J., and Pereira, G. (2016). The efcacy of Botulinum Toxin A for limb spasticity on improving activity restriction and quality of life: a systematic review and meta-analysis using the GRADE approach. Clin. Rehabil. 30, 549–558. doi: 10.1177/0269215515593609

Pandyan, A., Gregoric, M., Barnes, M., Wood, D., Wijck, F Van, and Burridge, J. (2005). Spasticity: clinical perceptions, neurological realities and meaningful measurement. Disabil. Rehabil. 27, 2–6. doi: 10.1080/09638280400014576

Kaňovsk, P., Elovic, E. P., Hanschmann, A., Pulte, I., Althaus, M., Hiersemenzel, R., et al. (2021). Duration of treatment effect using incobotulinumtoxina for upper-limb spasticity: a post-hoc analysis. Front. Neurol. 11, 1887–1895. doi: 10.3389/fneur.2020.615706

Marciniak, C., McAllister, P., Walker, H., Brashear, A., Edgley, S., Deltombe, T., et al. (2019). Efficacy and safety of abobotulinumtoxina (dysport) for the treatment of hemiparesis in adults with upper limb spasticity previously treated with botulinum toxin: Subanalysis from a phase 3 randomized controlled trial. PMR 9, 1181–1190. doi: 10.1016/j.pmrj.2017.06.007

Bensmail, D., Wissel, J., Laffont, I., Simon, O., Scheschonka, A., Flatau-Baqué, B., et al. (2021). Efficacy of incobotulinumtoxinA for the treatment of adult lower-limb post-stroke spasticity, including pes equinovarus. Ann. Phys. Rehabil. Med. 64:101376. doi: 10.1016/j.rehab.2020.03.005

Santamato, A., Cinone, N., Panza, F., Letizia, S., Santoro, L., and Lozupone, M. (2019). Botulinum toxin type a for the treatment of lower limb spasticity after Stroke. Springer Nat. Switzerl. AG 79, 143–160.

Li, J., Zhu, X., and Aao, J. (2015). Guidelines for the treatment of adult limb spasm with botulinum toxin. J. Chin. Med. 30, 80–110.

Yeung, L., Ockenfeld, C., Pang, M., Wai, H., Soo, O., Li, S., et al. (2018). Randomized controlled trial of robot-assisted gait training with dorsiflexion assistance on chronic stroke patients wearing ankle-foot-orthosis. J. Neuro.Eng. Rehabil. 15:51. doi: 10.1186/s12984-018-0394-7

Dong, K., Meng, S., Guo, Z., Zhang, R., Xu, P., Yuan, E., et al. (2021). The Effects of transcranial direct current stimulation on balance and gait in stroke patients: A Systematic Review and Meta-Analysis. Front. Neurol. 12:650925. doi: 10.3389/fneur.2021.650925

Araujo, J., Darcis, J., and Tomas, A. (2018). Tendência de mortalidade por acidente vascular encefálico na cidade de maringá, paraná, entre os anos de 2005 a 2015. Int. J. Cardiovasc. Sci. 31, 56–62.

Tyson, S., and Kent, R. (2013). Effects of na ankle-foot orthosis on balance and walking after stroke: a systematic review and pooled meta-analysis. Arch. Phys. Med. Rehabil. 9, 1377–1385. doi: 10.1016/j.apmr.2012.12.025

Gracies, J., Esquenazi, A., Brashear, A., Banach, M., Kocer, S., Jech, R., et al. (2017). Efficacy and safety of abobotulinumtoxinA in spastic lower limb: randomized trial and extension. Neurology 89, 2245–2253.

Fietzek, U. M., Kossmehl, P., Schelosky, L., Ebersbach, G., and Wissel, J. (2014). Early botulinum toxin treatment for spastic pes equinovarus a randomized double-blind placebo-controlled study. European journal of neurology the official journal of the european federation of neurological societies, 2014. Eur. J. Neurol. 21, 1089–1095. doi: 10.1111/ene.12381

Wissel, J., Bensmail, D., Ferreira, J. J., Molteni, F., Satkunam, L., Moraleda, S., et al. (2017). Safety and efficacy of incobotulinumtoxin A doses up to 800 U in limb spasticity: The TOWER study. Neurology 88:1321. doi: 10.1212/WNL.0000000000003789

Rousseaux, M., Daveluy, W., Kozlowski, O., and Allart, E. (2014). Onabotulinumtoxin-A injection for disabling lower limb fexion in hemiplegic patients. Neuro Rehabil. 35, 2–30. doi: 10.3233/NRE-141093

Wu, T., Li, J., Song, H., and Dong, Y. (2016). Efectiveness of botulinum toxin for lower limbs spasticity after stroke: a systematic review and meta-analysis. Top Stroke Rehabil. 23, 217–223. doi: 10.1080/10749357.2016.1139294

Gracies, J., Brashear, A., Jech, R., McAllister, P., Banach, M., Valkovic, P., et al. (2015). Safety and efficacy of abobotulinumtoxinA for hemiparesis in adults with upper limb spasticity after stroke or traumatic brain injury: a double-blind randomised controlled trial. Lancet Neurol 14, 992–1001. doi: 10.1016/S1474-4422(15)00216-1

Ausborn, J., Snyder, A. C., Shevtsova, N. A., Rybak, I. A., and Rubin, J. E. (2018). State-dependent rhythmogenesis and frequency control in a half-center locomotor CPG. J. Neurophysiol. 119, 96–117. doi: 10.1152/jn.00550.2017

Ferreira, L. A., Neto, H. P., Grecco, L. A., Christovão, T. C., Duarte, N. A., Lazzari, R. D., et al. (2013). Effect of ankle-foot orthosis on gait velocity and cadence of stroke patients: a systematic review. J. Phys. Ther. Sci. 25, 1503–1508. doi: 10.1589/jpts.25.1503

Ibuki, A., Bach, T., Rogers, D., and Bernhardt, J. (2010). An investigation of the neurophysiologic effect of tone-reducing AFOs on reflex excitability in subjects with spasticity following stroke while standing. Prosthet. Orthot. Int. 34, 154–165. doi: 10.3109/03093641003649405

Paula, G. V., Silva, T. R., Souza, J. T., Luvizutto, G. J., Bazan, S. G., Modolo, G. P., et al. (2019b). Effect of ankle-foot orthosis on functional mobility and dynamic balance of patients after stroke: Study protocol for a randomized controlled clinical trial. Medicine 98, e17317. doi: 10.1097/MD.0000000000017317

Yu, H. (2021). Observation of the therapeutic effect of correcting foot varus on improving knee hyperextension and gait in patients after stroke. Curr. Neurovasc. Res. 18, 314–317. doi: 10.2174/1567202618666210923150711

Yu, H., Wang, Z., Liu, C., Dai, P., Lan, Y., and Xu, G. (2021). Effect of cognitive function on balance and posture control after stroke. Neural Plasticity 10:6636999. doi: 10.1155/2021/6636999












	 
	

	TYPE Original Research
PUBLISHED 10 February 2023
DOI 10.3389/fnins.2023.1118395





Disturbed functional connectivity and topological properties of the frontal lobe in minimally conscious state based on resting-state fNIRS

Hui Chen†, Guofu Miao†, Sirui Wang, Jun Zheng, Xin Zhang, Junbin Lin, Chizi Hao, Hailong Huang, Ting Jiang, Yu Gong* and Weijing Liao*

Department of Rehabilitation Medicine, Zhongnan Hospital of Wuhan University, Wuhan, Hubei, China

[image: image]

OPEN ACCESS

EDITED BY
Jie Jia, Fudan University, China

REVIEWED BY
Qiuyou Xie, Southern Medical University, China
Liudmila Legostaeva, Research Center of Neurology, Russia

*CORRESPONDENCE
Yu Gong, [image: image] gongyu@whu.edu.cn
Weijing Liao, [image: image] weijingliao@whu.edu.cn

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION
This article was submitted to Translational Neuroscience, a section of the journal Frontiers in Neuroscience

RECEIVED 07 December 2022
ACCEPTED 30 January 2023
PUBLISHED 10 February 2023

CITATION
Chen H, Miao G, Wang S, Zheng J, Zhang X, Lin J, Hao C, Huang H, Jiang T, Gong Y and Liao W (2023) Disturbed functional connectivity and topological properties of the frontal lobe in minimally conscious state based on resting-state fNIRS.
Front. Neurosci. 17:1118395.
doi: 10.3389/fnins.2023.1118395

COPYRIGHT
© 2023 Chen, Miao, Wang, Zheng, Zhang, Lin, Hao, Huang, Jiang, Gong and Liao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Background: Patients in minimally conscious state (MCS) exist measurable evidence of consciousness. The frontal lobe is a crucial part of the brain that encodes abstract information and is closely related to the conscious state. We hypothesized that the disturbance of the frontal functional network exists in MCS patients.

Methods: We collected the resting-state functional near-infrared spectroscopy (fNIRS) data of fifteen MCS patients and sixteen age- and gender-matched healthy controls (HC). The Coma Recovery Scale-Revised (CRS-R) scale of MCS patients was also composed. The topology of the frontal functional network was analyzed in two groups.

Results: Compared with HC, the MCS patients showed widely disrupted functional connectivity in the frontal lobe, especially in the frontopolar area and right dorsolateral prefrontal cortex. Moreover, the MCS patients displayed lower clustering coefficient, global efficiency, local efficiency, and higher characteristic path length. In addition, the nodal clustering coefficient and nodal local efficiency in the left frontopolar area and right dorsolateral prefrontal cortex were significantly reduced in MCS patients. Furthermore, the nodal clustering coefficient and nodal local efficiency in the right dorsolateral prefrontal cortex were positively correlated to auditory subscale scores.

Conclusion: This study reveals that MCS patients’ frontal functional network is synergistically dysfunctional. And the balance between information separation and integration in the frontal lobe is broken, especially the local information transmission in the prefrontal cortex. These findings help us to understand the pathological mechanism of MCS patients better.
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1. Introduction

Disorders of consciousness (DOC) caused by acquired severe brain injury from various causes are several states that include coma, unresponsive wakefulness syndrome (UWS), and minimally conscious state (MCS) (Owen, 2019). Prolonged DOC is defined as losing consciousness for more than 28 days (Kondziella et al., 2020). The survival time of patients with prolonged DOC is generally 2–5 years (Hirschberg and Giacino, 2011). It is called MCS when the patient appears to have any conscious perception of the surrounding environment with repetitive behavior, such as visual tracking or gazing at targets, pain localization, etc. (Giacino et al., 2002). Compared to UWS, patients in MCS have developed definite signs of consciousness and may have better aware potential (Song et al., 2020). The MCS may be the final state of consciousness in some DOC patients, or it may be a transitional state to further clear consciousness. Patients in MCS are bedridden for a long time and require specialized care, which increases the financial burden on the family (Owen, 2008). However, the neuropathological mechanism of MCS patients is still unclear.

As a relatively new imaging method, functional near-infrared spectroscopy (fNIRS) measures the changed concentration of oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) in the cerebral cortex by emitting near-infrared light (Boas et al., 2014; Rupawala et al., 2018). Compared with functional magnetic resonance imaging (fMRI) and other functional neuroimaging technology, fNIRS is more portable, easier to wear, has lower detection cost, and is safer to scan in a natural environment for MCS patients in bed. Currently, fNIRS can monitor real-time physiological responses to quantify the stimulation parameters for different neuroregulatory techniques. Zhang et al. (2018) found increased local cerebral blood flow in the prefrontal cortex during spinal cord stimulation in patients with prolonged DOC. Moreover, some studies have monitored the residual consciousness of DOC patients while performing mental arithmetic (Kurz et al., 2018) and motor imagery tasks based on fNIRS (Molteni et al., 2013). However, judging whether a DOC patient completes the task paradigm is difficult because their attention and awareness may fluctuate over time (Abdalmalak et al., 2021). Resting-state fNIRS is measured when subjects are quiet, relaxed, and not performing specific cognitive tasks, which can reflect the cooperative and spontaneous activity between different brain regions. Compared with task state, resting-state data acquisition is easier to implement, and the results are more stable.

Functional connectivity refers to the temporal correlation of neuronal activity, and the strength of functional connectivity is measured by the correlation coefficient (Fingelkurts et al., 2005). Studies found that the functional connectivity strength in the resting-state brain networks decreased in patients with DOC compared with healthy people (Sinitsyn et al., 2018; Martinez et al., 2020). Another study found that the default mode network, frontoparietal network, sensorimotor network, and other resting-state functional networks of patients with DOC were extensively disrupted (Demertzi et al., 2015). Many studies consider the human brain as a complex brain network, and the brain network is a set of nodes and edges (functional connectivity between brain regions) (Bullmore and Sporns, 2009; Avena-Koenigsberger et al., 2017). The brain network often exhibits the balance of spontaneous integration and separation in function, which can be quantified by graph-theoretic topological analysis based on resting-state data (Bullmore and Sporns, 2012). Some studies found that the alterations of the brain’s network topology tended to occur in many disorders, such as depressive disorder (Zhang et al., 2011), Alzheimer’s disease (Stam et al., 2007), and post-stroke cognitive impairment (Miao et al., 2022).

To date, a few studies have used functional neuroimaging technology to explore the topological properties of patients with DOC and have identified changes in the frontal regions. Liu et al. (2023) found that the intraconnections within Brodmann area 10 and interhemispheric connections between Brodmann area 10 and Brodmann area 46 were helpful in distinguishing between MCS and UWS based on fNIRS study. One fMRI study found that the patients in MCS had increased nodal degree in the left superior frontal and decreased in the right orbital frontal (Crone et al., 2014). Another electroencephalography (EEG) study found that UWS patients showed decreased nodal degree and betweenness centrality in the frontal regions in β1 band (13–20 Hz) compared to MCS patients (Cacciola et al., 2019). The frontal lobe receives extensive neural projection connections from other cortical and subcortical regions. The complex pattern of fiber connections determines the functional complexity of the frontal lobe, a key brain region associated with many higher cognitive functions (Cusack et al., 2016). Several leading theories of consciousness suggest that the prefrontal cortex is inextricably linked to consciousness (Seth and Bayne, 2022), like higher-order theories (HOTs) (Cleeremans et al., 2020; Fleming, 2020), and global workspace theories (Dehaene and Changeux, 2011; Mashour et al., 2020). However, no studies have specifically explored the topological properties of the frontal lobe in MCS patients. We still do not know how the consciousness impairment caused by pathological injury affects the frontal network topology.

In this study, we hypothesized the disturbance in the functional connectivity and topology of the frontal lobe in MCS patients. We used complex network analysis to investigate the spontaneous integration and separation of information in the frontal lobe of MCS patients based on resting-state fNIRS data. Moreover, we explored the potential correlation between network topology that changed significantly between-group differences and the Coma Recovery Scale-Revised (CRS-R) scores.



2. Materials and methods


2.1. Participants

Sixteen patients in MCS and sixteen age- and gender-matched healthy controls (HC) were included in this study. Among them, sixteen HC were recruited from the community, and all the MCS patients were from the Department of Rehabilitation in Zhongnan Hospital of Wuhan University between November 2021 and June 2022. All patients were diagnosed as MCS based on continuously repeated (≥5) CRS-R assessed by a professional therapist (Giacino et al., 2004). The exclusion criteria were as follows, (1) The course of disease <28 days (Giacino et al., 2018); (2) Skull defect or after cranioplasty; and (3) History of psychiatric or neurological illness, such as Alzheimer’s disease, Parkinson or depression. This study was conducted in Zhongnan Hospital of Wuhan University, approved by the Medical Research Ethics Committee and Institutional Review Board of Zhongnan Hospital (2021126), and written informed consent was signed by the legal surrogate of each subject.

The CRS-R scale consists of six functional subscales addressing auditory, visual, motor, oro-motor, communication, and arousal level, totaling 23 hierarchically organized items (Giacino et al., 2004; Di et al., 2017). In addition to the total score, the single score of this scale was important to diagnose DOC patients.

The demographic and clinical data of all MCS patients are summarized in Table 1.


TABLE 1    Demographic and clinical data of MCS patients.
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2.2. Data acquisition

The data were collected by a multichannel continuous wave near-infrared optical imaging system (BS-3000, Wuhan Znion Medical Technology Co., Wuhan, China). This system can emit two wavelengths of 690 and 830 nm at each source optic fiber with a sampling rate of 20 Hz and measure the changes in concentration of HbO, and HbR through optical attenuation. To normalize the fNIRS channels, we applied a 3D digitizer to record the exact spatial coordinates of 4 reference points (Nz, Cz, AL, and RL) and 32 probes (16 sources and 16 detectors with 3 cm source-detector-distance). Then the 53 channels were converted to an estimated Montreal Neurological Institute (MNI) space (Singh et al., 2005) by NIRS-SPM (Ye et al., 2009). Based on the Brodmann probabilistic atlas, all 53 channels were divided into the following five cortical regions: Premotor and supplementary motor area (PreM and SMA), frontal eye fields (FEF), Broca’s area, frontopolar area (FPA), and dorsolateral prefrontal cortex (DLPFC) (Figure 1). The lowest row of probes was aligned along the subject’s eyebrow arch, and the middle row of probes was parallel to the midsagittal line of the nasal root-occipital tuberosity. The subjects underwent a 5-min resting-state session of fNIRS measurement in a quiet evaluation room. They were required to keep still and relax the mind with their eyes opened (Yang and Hong, 2021).


[image: image]

FIGURE 1
Arrangement of the 53 channels covering the frontal lobe. Including the PreM and SMA (red, Premotor, and supplementary motor area), FEF (purple, frontal eye fields), BROCA (green, Broca’s area), FPA (yellow, frontopolar area), and DLPFC (blue, dorsolateral prefrontal cortex).




2.3. Data pre-processing

Data processing was performed by Homer2 toolbox in the MATLAB environment (Huppert et al., 2009). Pre-processing procedures were as following: (1) Converting raw data to the optical density (OD) (Scholkmann and Wolf, 2013); (2) Trimming the first and the last 60 s; (3) Correcting motion artifacts by spline interpolation algorithm (Scholkmann et al., 2010); (4) 0.01–0.1 Hz bandpass filtering to minimize the physiological interference and produce the data with the best signal-to-noise ratio, such as blood pressure (Mayer) waves (∼0.1 Hz), respiration (∼0.4 Hz) and heart pulsation (1∼1.5 Hz) (White et al., 2009; Mesquita et al., 2010); and (5) Converting optical density to relative HbO/HbR concentration through the modified Beer-Lambert law.

Only HbO signals were analyzed in this study since they have a better signal-to-noise ratio than HBR and are more sensitive to monitoring regional cerebral blood flow (Fu et al., 2014).



2.4. Functional connectivity calculation and network construction

The three midline channels (channels 25, 28, and 29) were removed from the analysis because they did not belong to either side of the brain. The time series’ correlation coefficients (r) for each pair of nodes were calculated using Pearson correlation analysis. Fisher’s r-to-z transformation was used to normalize the correlation coefficients to z-values. The nodes were defined as channels, and the edges were defined as correlation coefficients between pairs of nodes. Thus, a 50 × 50 functional connectivity matrix was calculated for each subject. Our network analysis was confined to positive correlations. Negative correlation coefficients were set as zero because the biological explanation of negative correlations was ambiguous and equivocal in the correlation matrix (Murphy et al., 2009; Carbonell et al., 2014). Before using graph theory to quantify the network topology, we applied thresholds to retain only connections above a set threshold (0.4–0.9, 0.05 interval).

Since the 50 channels can be divided into ten regions of interest (ROIs) according to the Brodmann probabilistic atlas, we calculated the average nodal topological properties for all channels in each ROI, including the left PreM and SMA, left Broca’s area, left FEF, left FPA, left DLPFC, right PreM and SMA, right Broca’s area, right FEF, right FPA, right DLPFC.



2.5. Network analysis

The topological properties of functional network can be quantified by graph theoretic methods to reflect the functional integration and separation of the brain network, including global and nodal network metrics. All network metrics were computed in the GRETNA toolbox (Wang et al., 2015). We calculated several typical global topological properties: small-worldness (σ), clustering coefficient (Cp), characteristic path length (Lp), global efficiency (Eg), and local efficiency (Eloc). The node topological properties included nodal clustering coefficient (NCp) and nodal local efficiency (NLe). NCp refers to the likelihood that its neighbor nodes are also connected, and the Cp is defined as the average of the cluster coefficients of all nodes in the network. NLe refers to the communication efficiency between adjacent nodes after a node is removed, and the Eloc is the average of all NLe. Lp is the average of the shortest path lengths of any pair of nodes in the network. The Eg of a network is the inverse of the harmonic mean of the shortest path between any two nodes. The small-worldness of the network means that the network has a shorter Lp and greater Cp (Watts and Strogatz, 1998).



2.6. Statistical analysis

All statistical analyses were performed by SPSS 23.0. We used mean ± standard deviation to represent the numerical variables and Shapiro-Wilk (S-W) test to analyze the normal distribution. The chi-square test examined gender differences between groups. Two-sample t-tests were used to compare the group differences in age and the area under the curve (AUC) of global topological properties. Two-sample t-tests with false discovery rate (FDR) correction were performed for multiple comparisons in functional connectivity and the AUC of nodal topological properties (Storey, 2002). Pearson correlation analysis was performed between network metrics that changed significantly between-group differences and the CRS-R scale scores. P < 0.05 means a statistically significant difference.




3. Results


3.1. Demographic and clinical results

Fifteen MCS patients met the inclusion criteria, and one patient was excluded due to head movement. The clinical data of the recruited MCS patients are shown in Table 1. Fifteen MCS patients (eight males, age 67.53 ± 16.48 years) and sixteen HC (nine males, age 58.63 ± 14.51 years) were finally included in this study. There were no significant between-group differences in age and gender between HC and MCS groups (p > 0.05) (Table 2).


TABLE 2    Baseline of demographic and clinical data.
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3.2. Between-group differences in functional connectivity

Figures 2A, B show the group-averaged functional connectivity metrics of HC and MCS groups. It can be observed that the averaged correlation coefficient was significantly lower in the MCS group. Among them, 118 connections were still significantly different (p < 0.01, FDR correction), and most of these connections were located in the channels of the frontopolar area and DLPFC (Figure 2C).
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FIGURE 2
Differences in functional connectivity between HC and MCS groups. (A) Group-averaged functional connectivity metrics in HC; (B) group-averaged functional connectivity metrics in MCS; (C) 118 functional connectivity that changed significantly between-group differences. L, left; R, right; PreM and SMA, premotor and supplementary motor area; BROCA, Broca’s area; FEF, frontal eye fields; DLPFC, dorsolateral prefrontal cortex; FPA, frontopolar area.


Figure 3A shows the number of edges at different thresholds (0.4–0.9, 0.05 interval) for the HC and MCS groups (Supplementary Tables 1, 2). The average number of edges at different thresholds was taken as each subject’s total number of edges, and the total number of edges in the MCS group was significantly less than in the HC group (Figure 3B).
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FIGURE 3
Differences in the number of edges between HC and MCS groups. (A) Scatter plot: distribution of edges with different thresholds (0.4–0.9, 0.05 interval). Functional connectivity strength larger than the threshold was defined as edge. HC (blue), MCS (red); (B) group differences in the total number of edges. HC, healthy controls; MCS, minimally conscious state. *p < 0.05.




3.3. Between-group differences in network topological properties

For global topological properties, the AUC of Cp, Eg, and Eloc in the MCS group was significantly lower than in the HC group, and the AUC of Lp in the MCS group was higher than in the HC group. There was no difference in the AUC of σ (Figure 4 and Supplementary Table 3).
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FIGURE 4
The global topological properties between HC and MCS groups. AUC, area under the curve; σ, small-worldness; Cp, clustering coefficient; Lp, characteristic path length; Eg, global efficiency; Eloc, local efficiency; HC, healthy controls; MCS, minimally conscious state. *p < 0.05, **p < 0.01.


For nodal topological properties, the MCS group showed lower NCp and NLe after FDR correction than the HC group. Lower NCp were located in L_FPA (p = 0.020), R_DLPFC (p = 0.047), R_FEF (p = 0.035) (Table 3 and Supplementary Table 4), and lower NLe were located in L_FPA (p = 0.020), R_DLPFC (p = 0.035) (Table 4 and Supplementary Table 5).


TABLE 3    Comparison of NCp between HC and MCS groups.
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TABLE 4    Comparison of NLe between HC and MCS groups.
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3.4. Correlation between topological properties and CRS-R scale

Correlation analysis was performed between the topological properties with group differences and the CRS-R scale scores of the MCS group. No significant correlation was found between the global topological properties and the total and subscale score of CRS-R. Moreover, we found that two nodal topological properties of right DLPFC, averaged NCp (r = 0.742, p = 0.002) and NLe (r = 0.714, p = 0.003), was positively correlated with the auditory subscale scores (Figure 5).
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FIGURE 5
The correlation between nodal topological properties in right dorsolateral prefrontal cortex (DLPFC) and auditory subscale scores.





4. Discussion

This study explored the topological changes of the functional network in the frontal lobe of MCS patients based on resting-state fNIRS. The study results were as follows: (1) MCS patients had significantly reduced functional connectivity in the frontal lobe, especially in the frontopolar area and DLPFC. (2) MCS patients displayed lower Cp, Eg, Eloc, and higher Lp than the HC group, revealing that frontal network topology changed with the conscious state. (3) NCp and NLe all showed lower in different ROIs, and nodal topological properties in the right DLPFC were correlated with the auditory subscale scores.


4.1. Widely disrupted functional connectivity

In this study, we found that resting-state functional connectivity of the whole frontal lobe had severely reduced in MCS patients. Functional connectivity refers to the temporal correlation of neural activity between different brain regions, reflecting the synergistic cooperation of neural activity between brain regions to integrate information (Fingelkurts et al., 2005; Geng et al., 2017). In particular, weakened functional connectivity occurred mainly in the frontopolar area and DLPFC. The frontopolar area and DLPFC are important components of the prefrontal cortex. As the brain’s core, the prefrontal cortex receives and integrates information from many cortical and subcortical areas and participates in conscious perception and cognitive processing (Block, 2020). According to the claim in HOTs theory of consciousness, mental states are conscious by being the target of specific kinds of meta-representation (Seth and Bayne, 2022). Specifically, lower-order representations of auditory signals in posterior cortex would support conscious auditory perception when targeted by the right kind of higher-order meta-representation (especially the prefrontal cortex) (Lau and Rosenthal, 2011; Fleming, 2020). Demertzi et al. also found that functional connectivity was widely declined in DOC patients in the default mode network, frontoparietal network, sensorimotor network, and other resting-state functional networks (Demertzi et al., 2014, 2015). Our study implies a widely disrupted functional connectivity in the frontal lobe of MCS patients, especially in the frontopolar area and DLPFC, further confirming that the changes in the functional connectivity of the frontal lobe may be associated with the altered conscious state (Demertzi et al., 2015; Liu et al., 2017; Moriya and Sakatani, 2018). The functional cooperation of multiple brain regions in the prefrontal cortex played a role in consciousness. Widely disrupted prefrontal functional connectivity means that the prefrontal functional network is synergistically dysfunctional, and the efficiency of conscious processing naturally decreases.



4.2. The damage of global topological properties

The results showed that the MCS patients had lower Cp, Eg, Eloc, and higher Lp in the frontal lobe than HC. Cp and Eloc measure the local information transmission capability of the network and represent the functional separation, while Lp and Eg measure the global information transmission capability of the network and represent the functional integration (Bassett and Bullmore, 2017). Weng et al. (2017) found the same changes in Cp and Lp with our results in the whole brain structural network of patients with DOC. Changes in these topological properties in MCS patients not only imply a reduction in global and local information transmission efficiency but also indicate the disturbance in the optimal balance configuration of functional integration and separation in the frontal lobe.

The small-worldness did not show significant differences in MCS and HC groups, which was consistent with previous studies (Tan et al., 2019). The Small-world network can be quantified as shorter Lp and larger Cp. In other words, the Lp and Cp of the small-world network lie between the regular network and the random network (Bassett and Bullmore, 2017). It is found that the brain network of healthy adults satisfies the characteristics of the small-world network, which can consume low-cost neuron resources and efficiently complete information transmission due to the brain function in a dynamic balance between network separation and integration (Bassett and Bullmore, 2006; Samu et al., 2014). This dynamic balance has the inherent ability to support different levels of consciousness and cognitive functions (Wang et al., 2021). A small-world network is an economic network that achieves efficient information transmission with the lowest wiring cost (Samu et al., 2014). Small-worldness is a comprehensive topological property to measure the brain’s functional network. Although there was no significant difference in small-worldness between HC and MCS groups, changes in other network topological properties (Cp, Lp, Eg, and Eloc) indicated that the frontal network configuration of MCS patients tended to have a lower capacity for functional integration and separation. This network state deviates from the optimal critical state, which is not conducive to conscious processing and may consume more neuronal resources. The altered topology caused by pathological injury leads to increased wiring costs and metabolic demands in the frontal lobe. Thus, the frontal network of MCS patients does not belong to the economic network.



4.3. Between-group differences in nodal topology properties

We found reduced averaged NCp and averaged NLe of the prefrontal cortex in MCS patients (left frontopolar area and right DLPFC). Previous study had found that the MCS patients showed decreased NCp in the posterior cingulate cortex and right insula cortex and decreased NLe in the right precuneus (Crone et al., 2014). Our findings supplement the existing results and further demonstrate that the activation of the frontoparietal network is related to the conscious state (Crone et al., 2014; Cavinato et al., 2015). One fMRI study showed that higher-level control networks (mainly referring to the frontal and parietal cortex) begin to encode predictive information long before the individual has made a conscious decision (Soon et al., 2008). The prefrontal cortex is also associated with storing conscious decisions and strategy shifts following negative feedback (Soon et al., 2008).

In addition, we found that two nodal topological properties of the right DLPFC, averaged NCp and NLe, were positively correlated with auditory subscale scores. The evaluation of the auditory subscale mainly reflects auditory perception, language comprehension, and executive control of DOC patients (Giacino et al., 2018). The dorsal pathway projects from the primary auditory cortex through the temporal plane across the parietal cortex to the DLPFC, supporting the transmission of auditory perception-motor signals (Hertrich et al., 2021). The DLPFC is involved in auditory information attention, evaluation, and working memory processing (Nakai et al., 2005; Rämä and Courtney, 2005; Chen et al., 2008). It is also a core area of the control network, which is closely related to executive control function (Panikratova et al., 2020). Witt et al. (2010) found that patients with mild traumatic brain injury had significantly reduced activity in the right DLPFC during auditory oddball tasks. NCp and NLe reflect local information transmission capacity. The results of correlation analysis showed that the worse auditory functions, the less efficient local information transmission in the right DLPFC.




5. Limitations

Several limitations of this study should be considered. First, the sample size is too small. We should recruit more samples to verify the stability and repeatability of the data. When the sample size is large enough, the MCS group can be subdivided into MCS- and MCS + groups to explore the functional network of different levels of consciousness, which may lead to more accurate results. Secondly, the etiology of consciousness impairment may be a crucial factor in the disturbance of the functional network. We should group different etiology, such as stroke, hypoxic-ischemic encephalopathy (HIE), traumatic brain injury, intracranial surgery, etc. Finally, this study is a non-longitudinal design, and dynamic follow-up is needed in the future to observe whether the correlation results of this study can be further verified with the improvement of patients’ consciousness levels.



6. Conclusion

Using resting-state fNIRS to explore the topology of the functional network in the frontal lobe in MCS patients, we found these metrics were widely disrupted in the frontal lobe. Moreover, the functional separation and integration of the frontal network were seriously unbalanced, especially the local information transmission in the prefrontal cortex. We also found that nodal topological properties in the right DLPFC were positively correlated with auditory behavior scores. Our results reveal the disturbance in frontal functional network caused by pathological injury, which may be conducive to understanding the pathological mechanism of MCS patients better.
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Background: With the aging of the population, the prevalence and incidence of stroke in China are increasing every year. China advocates the establishment of a three-level medical service system for stroke rehabilitation, but it lacks uniform information management among all levels of medical institutions.

Objective: To achieve unified management of stroke patient rehabilitation in multilevel hospitals in the region through informatization construction.

Methods: The need for informatization of three-level stroke rehabilitation management was analyzed. Then, network connections were established, and a common rehabilitation information management system (RIMS) was developed for all levels of hospitals to enable daily stroke rehabilitation management, inter-hospitals referral, and remote video consultation. Finally, the impact on the efficiency of daily rehabilitation work, the functioning and satisfaction of stroke patients were investigated after implementing the three-level rehabilitation network.

Results: One year after implementation, 338 two-way referrals and 56 remote consultations were completed using RIMS. The stroke RIMS improved the efficiency of doctors’ orders, reduced therapists’ time to write medical documents, simplified statistical analysis of data and made referrals and remote consultations more convenient compared to the traditional model. The curative effect of stroke patients managed by RIMS is better than that of traditional management. Patient satisfaction with rehabilitation services in the region has increased.

Conclusion: The three-level stroke rehabilitation informatization has enabled the unified management of stroke rehabilitation in multilevel hospitals in the region. The developed RIMS improved the efficiency of daily work, improved the clinical outcomes of stroke patients, and increased patient satisfaction.

KEYWORDS
stroke rehabilitation, three-level rehabilitation, unified management, informatization, hierarchical diagnosis and treatment


1. Introduction

Stroke is the second leading cause of death worldwide, accounting for 1 in 10 deaths (Kim and Johnston, 2013), and the prevalence, incidence, and mortality rates are higher in developing countries than in developed countries (Mehndiratta et al., 2014). According to the Report on National Health Commission (2020), stroke remains the number one cause of disability and mortality in China (Chao et al., 2021a). The National Epidemiological Stroke Survey of China (NESS-China) estimated 11 million cases of stroke, 2.4 million new strokes, and 1.1 million stroke-related deaths in China each year (Wang et al., 2017), causing a huge economic burden on families and society (Zhao et al., 2022).

Stroke rehabilitation is a critical measure to reduce disability and improve the quality of life, which is an integral part of the treatment system for cerebrovascular disease (Langhorne et al., 2011). In China, the Ministry of Health China Stroke Prevention Project Committee (CSPPC) was established in 2011 (Chao et al., 2021a). The officials advocate the establishment of a three-level stroke rehabilitation service system (Chen et al., 2010), with primary rehabilitation for acute and sub-acute stroke rehabilitation in tertiary hospitals or tertiary rehabilitation hospitals, secondary rehabilitation for convalescent phase of stroke in secondary hospitals or secondary rehabilitation hospitals, and tertiary rehabilitation for chronic phase of stroke in community health service centers or township health centers or families. Although the three-level stroke rehabilitation system has established recommended referral criteria and treatment protocols (Xu et al., 2021), the lack of uniform management practices across all levels of care may delay the treatment due to poor referral, indicating that coordinating the treatment of stroke patients between the acute, convalescent, and chronic phases is essential (Kinoshita et al., 2021).

The development of information technology facilitates uniform stroke rehabilitation management in hospitals at all levels in the region. Xuhui District in Shanghai has seized the opportunity of smart city construction to connect all levels of hospitals in the region through network- and design-dedicated rehabilitation management software. Also, tertiary rehabilitation referral criteria and recommended rehabilitation treatment protocols applicable to the region were developed. This study aimed to analyze the need for the informatization of a three-level rehabilitation network for stroke and present the hardware and software’s design, implementation, and efficiency.



2. Materials and methods


2.1. Analysis of the informatization needs of three-level stroke rehabilitation management

First, an information management system for stroke rehabilitation that can be used in primary, secondary, and tertiary hospitals needs to be developed. A total of 16 hospitals were involved in this project in Xuhui District, Shanghai. Among these, 13 were primary hospitals (i.e., Community Health Service Centers), including Xujiahui Street, Hunan Street, Tianping Street, Xietu Street, Longhua Street, Fenglin Street, Tianlin Street, Caohejing Street, Kangjian Street, and Hongmei Street, two were secondary hospitals, including Xuhui Central Hospital, and Xuhui Dahua Hospital, and one was a tertiary hospital, Shanghai Sixth People’s Hospital. In the three-level rehabilitation management of stroke, hospitals at different levels treating stroke in different phases lead to variations in the types and difficulties with respect to rehabilitation equipment, rehabilitation technicians, and rehabilitation treatment technologies. Therefore, during the software design, the rehabilitation evaluation and treatment technology in the system should be customized according to the actual situation.

Second, the diagnosis and treatment information of stroke patients need to be shared among different hospitals, such that when stroke patients are referred between hospitals at different levels in the region, historical information on rehabilitation can be shared through downloads. This avoids duplication of tests, examinations, and assessments and provides a basis for the next stage of treatment.

Third, remote video consultation is required. It is common for primary hospitals to request consultations from secondary and tertiary hospitals. Teleconsultations through web-based video conferencing can improve the efficiency of consultations in a time-effective manner.



2.2. Design and implementation of a three-level stroke rehabilitation network in the region


2.2.1. Design thinking

Based on the above requirement analysis, in terms of hardware, a data center and multiple subcenters are established using a distributed architecture. All data centers are connected. Each data center does not rely on the general data center to operate independently. In the case of a data request (such as referral and consultation), data exchange can be generated. If one of the network members (Unit A) needs to refer a patient to another network member (Unit B), the patient’s data are uploaded from Unit A to the data center, and Unit B downloads the patient’s data, thus avoiding network congestion caused by frequent synchronization. In terms of software, a common stroke rehabilitation management system for primary, secondary, and tertiary hospitals will be developed, with integrated data synchronization and remote video consultation modules.



2.2.2. Hardware and network connectivity

As shown in Figure 1, the data center is located in the tertiary hospital, which is connected to the client of the rehabilitation medicine department through the hospital’s internal network and the Hospital-Hospital Network of Xuhui District through an optical fiber. The Hospital-Hospital Network connects 13 primary hospitals (Community Health Service Centers) and two secondary hospitals in Xuhui District.


[image: image]

FIGURE 1
Topology of the three-level stroke rehabilitation network.




2.2.3. Software main modules and functions

The same rehabilitation information management system (RIMS) is used in all levels of hospitals. The software is a B/S (browser/server) architecture, wherein the client interacts with the server via a web page for data interaction. C# and Net are used for the data center, application service, and client. The server operating system is Windows Server 2008 R2 Enterprise, and the database is Windows SQL Server 2008 + MySQL. The functional modules of the software are as follows.


2.2.3.1. User management

The system divides users into five roles: Doctor, nurse, therapist, administrator, and super-administrator, with each role assigned after appropriate permissions. The doctor’s role is to issue and amend medical orders; the nurse views and bills the orders; the therapist views the medical orders and submits the treatment records; the head of the department and the leader of health administration review the operational data as administrators; the super administration is effectuated by the software designer to make changes or delete the software function modules.



2.2.3.2. Medical records management

The system manages the medical history of all stroke patients in both outpatient and inpatient settings. When a patient needs rehabilitation treatment, medical record information is entered as required, including basic patient and medical history information. The former includes name, gender, age, hospitalization number, and ward and bed number, while the latter includes the patient’s chief complaint, medical history, physical examination, auxiliary tests, and diagnosis.



2.2.3.3. Rehabilitation medical order management

The system categorizes all the rehabilitation technology items carried out in the treatment room. Each rehabilitation technology item contains five sub-items: Technology name, dose, time, site, and frequency, and the items have been set to default values so that doctors can easily issue medical orders. After the doctor submits the orders, the therapist can view the detailed list of orders in the rehabilitation treatment interface and initiate the treatment according to the orders. The system can automatically record the relevant parameters of the rehabilitation treatment, such as the operator, operation time, and actual dose. The previous medical orders could be copied automatically when the patient re-visited or modified and submitted according to the situation, which greatly improves the efficiency of the re-visit.



2.2.3.4. Rehabilitation assessment management

The system provides mandatory and optional assessments for stroke, which can be completed by both doctors and therapists. The assessment results can be viewed in the same interface, such that the patient’s condition can be understood and follow-up treatment can be planned.



2.2.3.5. Staging referrals

Referrals are made between hospitals in accordance with the criteria listed in Table 1. When a referral is made, the system uploads the treatment information of the patient to the data center, and the receiving hospital downloads the patient information. The downloaded treatment information is presented as a report.


TABLE 1    Staged stroke referral criteria.
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2.2.3.6. Teleconsultation

This module initiates a remote video conference when activated. In addition to video and voice communication, a separate window displays the patient’s medical history, history of examination, and treatment for the remote specialist’s reference in the video conference, which helps the specialist to make an accurate diagnosis and give treatment advice (Figure 2).


[image: image]

FIGURE 2
The expert was using the system for remote consultation.




2.2.3.7. Customization of rehabilitation service items of hospitals at all levels

For the system to be used in the rehabilitation medicine departments of all levels of hospitals, the rehabilitation items need to be personalized. Under super administrator privileges, hospitals at all levels can configure the number of treatment rooms, and the rehabilitation technology programs were included according to their actual needs (Figure 3) or set default values for the dose, time, and site of each rehabilitation technology item.
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FIGURE 3
Customized therapy items in rooms.




2.2.3.8. Research support

The unified patient information data facilitates the collection of data. The researchers can use the system for retrospective analysis and also for the evaluation of the efficacy of new technologies.




2.2.4. Network information security

Each hospital has a Department of Information Management responsible for network information security. Clients in the Department of Rehabilitation Medicine are prohibited from connecting to external storage devices for possible information leakage, and communication between sub-centers in each hospital is protected by hardware firewalls.




2.3. Evaluation of the effectiveness of a three-level stroke rehabilitation network in the region

After 1 year, we evaluated the effectiveness of the three-level stroke RIMS in terms of daily work efficiency, the function of stroke patients and patient satisfaction. The impact of RIMS on daily work efficiency was studied through face-to-face interviews. The face-to-face interviews were conducted to collect information on the experience of using RIMS, including the time taken to give medical orders at the initial consultation, the time taken to give medical orders at follow-up consultations, the time taken by the therapist to write the medical document, the convenience of statistical analysis of treatment data, the convenience of referral, the convenience of teleconsultation (7-point Likert scales were used for convenience, with 7-points representing very good convenience) and the problems that needed improvement. The impact of RIMS on the function of stroke patients and patients’ satisfaction has been published in Chinese journals (Yuan et al., 2016; Li et al., 2019) and the findings are cited and presented below.



2.4. Statistical analysis

All data were analyzed using SPSS 22(SPSS, IBM Corp., USA)The data of time and grade obtained from face-to-face interviews were reported as the mean and standard deviation, and analyzed by paired t-test. The satisfaction of patients before and after the project was compared using Ridit analysis. P-value < 0.05 and 95% confidence interval were used to indicate statistical significance.




3. Results

A total of 46 clients in one tertiary hospital, two secondary hospitals, and 13 primary hospitals have installed RIMS and accessed the network, and the rehabilitation treatment of both outpatients and inpatients with stroke was managed using RIMS. One year after the implementation, 338 two-way referrals and 56 remote consultations were completed with the software. A total of 32 people were interviewed. The results show that after the use of stroke RIMS, the efficiency of doctors’ orders is improved (P < 0.05), the time for therapists to write medical documents is reduced (P < 0.05) (Figure 4), statistical analysis of data is simplified (P < 0.05), and the referral and remote consultation are convenient compared to the traditional work mode (P < 0.05) (Figure 5).
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FIGURE 4
Comparison of the time spent by doctors and therapists on daily medical records before and after project implementation. *P < 0.05.
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FIGURE 5
Comparison of the convenience of daily work before and after project implementation. #P < 0.05.


To understand the impact of a regional three-level rehabilitation network on the self-care ability and quality of survival of stroke patients, Yuan et al. (2016) from one of the network member units conducted a retrospective clinical study. The study divided 90 stroke patients into the network and conventional groups, respectively. A total of 60 patients in the network group were treated according to the three-level stroke rehabilitation program, while 30 patients in the conventional group were rehabilitated according to the conventional methods. The results showed that after 6 weeks of intervention, the scores of Modified Barthel Index and Stroke-Specific Quality of life in both groups were significantly higher than those before the treatment (P < 0.05), and those in the network group were significantly higher than those in the conventional group (P < 0.05). This finding showed that the information management of the three-level rehabilitation network for stroke can improve the rehabilitation effect.

To understand the satisfaction of residents in Xuhui District with three-level stroke rehabilitation, we conducted a questionnaire survey on a sample of six streets in Xuhui District (Li et al., 2019). The results of the research analysis by the independent third-party management consulting organization (ZERO Power Intelligence Group) showed that the overall satisfaction of residents with community rehabilitation services increased from 79.44 to 98.31% (P < 0.01) (Figure 6; Li et al., 2019).


[image: image]

FIGURE 6
Comparison of resident satisfaction before and after project implementation.




4. Discussion

The three-level stroke RIMS introduced in this article enabled the unified management of stroke rehabilitation patients in 16 hospitals at different levels in the Xuhui District of Shanghai. Finally, efficient daily work, referral and remote consultation were realized, which improved patients’ satisfaction with rehabilitation services, as well as the clinical outcomes of rehabilitation treatment.


4.1. Three-level stroke rehabilitation

With increasing life expectancy, the population ages and living standards are also improved, and the prevalence and incidence of stroke are increasing (Zhao et al., 2022). The development of Stroke Network, Stroke Map, and Stroke Green Channel has reduced stroke mortality (Chao et al., 2021b), but the increase in prevalence has elevated the absolute number of stroke patients and the subsequent cost of stroke care year by year. Health managers have been trying to achieve cost savings via clinical pathways without reducing the effectiveness of care.

Previous studies have shown that clinical pathways can significantly reduce the length of hospital stay and the cost of stroke care for patients (Deng et al., 2014; Pilato et al., 2021). The three-level rehabilitation, also known as the regional clinical pathway (Fujino et al., 2014), is a seamless integration of the acute stroke clinical pathway (Stroke Unit), the convalescent clinical pathway, and the chronic clinical pathway (Xu et al., 2021). This facilitates the discharge of stroke patients with significant burdens and allows the tertiary hospitals to accept patients with severe conditions (Van der Cruyssen et al., 2015) and refer discharged patients to the next level of the hospital for appropriate treatment according to their condition, thus saving treatment costs without reducing the treatment effect. Another reason why three-level rehabilitation is possible in China is related to the hierarchy of hospitals. Unlike Western countries, such as the USA and Europe, most cities in China have primary, secondary, and tertiary hospitals corresponding to the acute, convalescent, and chronic phases of stroke. Some Asian countries refer to the second level of three-level rehabilitation as transitional rehabilitation (Leigh et al., 2022), which does not change the fact that they also practice three-level rehabilitation (Kinoshita et al., 2021). In China, many studies have confirmed that the three-level stroke rehabilitation network is beneficial for rehabilitation of stroke patients, and was recommended by the Chinese Stroke Association guidelines for clinical management of cerebrovascular disorders (Zhang et al., 2020).



4.2. Informatics-assisted three-level stroke rehabilitation

China’s hospital informatization is the earliest area of medical informatization development and is now widespread in the country. However, one hospital’s informatization is only an information island (Liang et al., 2019), while the regional medical consortium based on the information network is the direction of future development to promote hierarchical diagnosis and treatment. Currently, the construction of regional medical informatization has become the hot spot of medical informatization in China (Zhang et al., 2022).

A key component of regional medical informatics is the collaborative management of common and chronic diseases, such as stroke. However, the current focus of regional medical informatics is on the establishment of pre-hospital stroke networks, which have been established in different countries and regions, such as the Cardiovascular Health and Stroke Strategic Clinical Network (CvHS SCN) in Canada (McIntosh et al., 2019), Emergency Medical Services (EMS) in Korea (Park et al., 2016), the Neurovascular Network of Southwest Bavaria (NEVAS) in Germany (Feil et al., 2021) and the Distributive Stroke Network (DSN) in USA (Holder et al., 2021). In China, although CSPPC has led a Stroke Network that has shown initial success in stroke prevention and emergency care (Chao et al., 2021a), post-stroke three-level rehabilitation informatics is still underdeveloped.

Currently, fewer studies have focused on the role of post-stroke rehabilitation network informatics, and post-stroke rehabilitation informatics has only been mentioned when investigating data such as healthcare costs and length of stay. In the study of the role of regional clinical pathways, Japanese researcher Fujino (Fujino et al., 2014) described the Diagnosis Procedure Combination (DPC) database system they used. The DPC system was a national case-mix patient classification system and consisted of clinical data from 82 university hospitals, which played an important role in the statistical correlation of regional clinical pathways and length of stay. The Korean researcher Leigh (Leigh et al., 2022) referred to the National Health Insurance (NHI) claims database in their review of the Korean stroke transitional and long-term rehabilitation care system. Through this database, researchers were able to investigate information such as inpatient rehabilitation and outpatient rehabilitation patients, and the length of time patients received rehabilitation services, which assisted with statistics such as the cost of rehabilitation. The three-level stroke RIMS developed in this project is not the same as the DPC and NHI. Recording information on the cost of rehabilitation is only one of its functions and the more important function is to record rehabilitation process while providing referral and teleconsultation functions similar to those of the pre-hospital stroke network. This study found that the three-level stroke RIMS not only improved the efficiency of daily stroke management but also improved the satisfaction and clinical outcomes of stroke patients. This observation was consistent with the findings of Xu et al. (2021).



4.3. Challenges of informatization

The process of stroke three-level rehabilitation informatization may also encounter some problems. Firstly, the Hospital Information System (HIS) varies across hospitals, and establishing a standard format is difficult. This could be ascribed to the need to manually enter the basic information of stroke patients in the RIMS. Secondly, the network connection may encounter interface restrictions and security restrictions, resulting in the inability to connect to the network. Thus, several meetings were undertaken to communicate and purchase new gateway equipment before it was resolved. Thirdly, the willingness to use the software was low. Some doctors and therapists were accustomed to the original treatment process, thereby using the software less frequently. These users should be informed of “Thorndike’s law,” which is a learning curve for the software, and that although the work efficiency is low in the beginning, it increases significantly when they become proficient.



4.4. Deficiencies of the project

Nevertheless, this stroke three-level rehabilitation informatization has some shortcomings. Firstly, there are still flaws in the software design. The software was not designed to gather all the requirements for use at the beginning; for example, some doctors only raised the issue after the project was completed and wanted to add a stroke knowledge database and work reminder functions. Secondly, the RIMS could not be synchronized with the HIS systems of different hospitals. This increased the manual input workload, which seemed to be a problem that could not be solved even at a later stage. Finally, the assessment methods for using RIMS were not established, discouraging the doctors from including all stroke patients.




5. Conclusion

The three-level stroke rehabilitation informatization has enabled the unified management of stroke rehabilitation in multilevel hospitals in the region. The developed RIMS can improve the efficiency of daily work and the clinical outcomes of stroke patients, thereby increasing patient satisfaction. This project provides a reference for other regions to establish a unified regional management of chronic diseases.
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Background: Dual-task walking is a good paradigm to measure the walking ability of stroke patients in daily life. It allows for a better observation of brain activation under dual-task walking to assess the impact of the different tasks on the patient when combining with functional near-infrared spectroscopy (fNIRS). This review aims to summarize the cortical change of the prefrontal cortex (PFC) detected in single-task and dual-task walking in stroke patients.

Methods: Six databases (Medline, Embase, PubMed, Web of Science, CINAHL, and Cochrane Library) were systematically searched for relevant studies, from inception to August 2022. Studies that measured the brain activation of single-task and dual-task walking in stroke patients were included. The main outcome of the study was PFC activity measured using fNIRS. In addition, a subgroup analysis was also performed for study characteristics based on HbO to analyze the different effects of disease duration and the type of dual task.

Results: Ten articles were included in the final review, and nine articles were included in the quantitative meta-analysis. The primary analysis showed more significant PFC activation in stroke patients performing dual-task walking than single-task walking (SMD = 0.340, P = 0.02, I2 = 7.853%, 95% CI = 0.054–0.626). The secondary analysis showed a significant difference in PFC activation when performing dual-task walking and single-task walking in chronic patients (SMD = 0.369, P = 0.038, I2 = 13.692%, 95% CI = 0.020–0.717), but not in subacute patients (SMD = 0.203, P = 0.419, I2 = 0%, 95% CI = −0.289–0.696). In addition, performing walking combining serial subtraction (SMD = 0.516, P < 0.001, I2 = 0%, 95% CI = 0.239–0.794), obstacle crossing (SMD = 0.564, P = 0.002, I2 = 0%, 95% CI = 0.205–0.903), or a verbal task (SMD = 0.654, P = 0.009, I2 = 0%, 95% CI = 0.164–1.137) had more PFC activation than single-task walking, while performing the n-back task did not show significant differentiation (SMD = 0.203, P = 0.419, I2 = 0%, 95% CI = −0.289–0.696).

Conclusions: Different dual-task paradigms produce different levels of dual-task interference in stroke patients with different disease durations, and it is important to choose the matching dual-task type in relation to the walking ability and cognitive ability of the patient, in order to better improve the assessment and training effects.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier: CRD42022356699.
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  prefrontal cortex (PFC), dual task (DT), walking, functional near-infrared spectroscopy (fNIRS), ischemic stroke, hemorrhagic stroke


1. Introduction

Stroke is the second leading cause of death and disability worldwide (Saini et al., 2021). Many surviving post-stroke patients have residual cognitive impairment and long-term disability that severely affect their normal lives (Delavaran et al., 2017; Young et al., 2020). Studies have shown that more than 50% of patients are unable to walk independently in the community (Blennerhassett et al., 2018). This community ambulation of immersion in daily life requires getting out of the therapeutic environment and interacting with a variety of information (Lord et al., 2004). It goes beyond mere walking and involves motor, sensory and cognitive functions interacting with each other to cope with obstacles and disturbances that may arise during walking to accomplish this multitasking (Caetano et al., 2017). Stroke patients have reduced brain processing capacity due to brain damage, making it difficult for them to multitask (Veldkamp et al., 2021).

Dual-task paradigm is defined as the concurrent performance of two distinct tasks by an individual, and it has been proven that dual-task (DT) walking is a good and valuable paradigm for exploring the walking abilities of stroke patients in daily life (Liu et al., 2018; Bishnoi et al., 2021). As compared to processing one task alone, the performance of one or even both tasks can be degraded when processing two tasks at the same time. This common situation is called dual-task interference (DTI; Tsang et al., 2022). This is manifested in stroke patients by slowed gait speed and increased gait variability (Chatterjee et al., 2019; Hermand et al., 2019). Many theories can be used to explain this occurrence, such as the Capacity theory, Bottleneck theory, or Multiple resource theory (Pashler, 1994; Handy, 2000; Wickens, 2002). However, they have been constructed based on assumed behavioral manifestations and brain capacity. The former has been observed and estimated through many studies on gait parameters. The favorable evidence for the latter needs to be further explored. The study of the neural mechanisms of dual-task is essential for furthering our understanding of how stroke populations cope with DTI.

Brain injury studies have found that patients with prefrontal injury have impaired dual-task execution, but that single-task (ST) processing is not affected (Baddeley et al., 1997). fMRI, PET, and other imaging tools further indicate that specific cortical areas that are associated with dual-task processing include the dorsolateral prefrontal cortex (Kondo et al., 2004; Collette et al., 2005; Low et al., 2009). Elevated metabolic activity in the prefrontal cortex (PFC) has proven that it is strongly associated with increased planning and attention in motor and cognitive tasks, which can verify the changes of brain capacity in theories of DTI (Hamacher et al., 2015). This all points to the value of studying PFC for exploring the effects of dual task in stroke.

Recent neuroimaging techniques have been able to objectively measure the contribution of PFC involvement in human activity (Parris et al., 2019; Udina et al., 2019; Min et al., 2021). Traditional brain imaging techniques such as functional magnetic resonance imaging (fMRI) has a high spatial resolution to detect cerebral blood flow signals. But fMRI has contraindicates of metal implants and they require a more restrictive environment (Mehagnoul-Schipper et al., 2002). EEG has high temporal resolution. But it is less resistant to motion interference and has a lower spatial resolution. It has difficulty in providing a better observation role during a walk. Functional near-infrared spectroscopy (fNIRS) is a new non-invasive optical imaging technique based on the principle of neuro-vascular coupling. When cortical neurons are excited, the oxyhemoglobin (HbO) concentration increases and the deoxyhemoglobin (HbR) concentration decreases, which can indirectly reflects neural activity in the brain (Gramigna et al., 2017). fNIRS has a temporal resolution superior compared to fMRI and can be used in a naturalistic environment. It has better spatial resolution and tolerance to motion artifacts than EEG. fNIRS enables the real-time monitoring of cerebral hemodynamic changes during walking and is not restricted by the freedom to walk (Pinti et al., 2020). So, it can provide a suitable measure of the PFC contribution to walking control (Perrey, 2014). However, fNIRS had limited clinical use due to the lack of anatomic specificity, suboptimal temporal resolution, variable signal-to-noise ratio, and low intra-subject reproducibility for individual analysis (Chen et al., 2020). First, there may be a bias in the anatomical localization of the PFC during the procedure of measuring. Second, it only reflects the overall degree of PFC activation during dual task and cannot detect whether individual neural events occur in the PFC during dual task (Pinti et al., 2020). Third, the hemodynamic response has a delay of 2 s after the occurrence of the event (Jasdzewski et al., 2003). So, it was not temporally synchronized with the occurrence of the event. Fourth, fNIRS has shallow imaging depth. The imaging depth of fNIRS is generally limited to the surface of the cortex in the case of humans (Kim et al., 2017).

Despite the growing body of studies on dual tasks, most of the existing studies performed various types of dual-task paradigms, including motor dual-task, computational dual-task, memory dual-task, and verbal dual-task (Al-Yahya et al., 2016; Hawkins et al., 2018; Hermand et al., 2020). Even for the same pattern, the specific tasks chosen varied across studies. It is not clear whether there are similarities and differences in the degree of PFC activation brought about by these different paradigms in stroke patients. There is a lack of basis for suggestions what dual task should be selected in future clinics. Secondly, with the recovery of the disease duration, the walking activation patterns will be different in different stroke patients (Beyaert et al., 2015). There are no studies directly observing the differences in brain area activation between patients in the subacute and chronic phases while performing dual tasks, which should be explored further. The relevant reviews are mostly qualitative descriptions of the activation of brain regions and the type of tasks (Lim et al., 2021; Veldkamp et al., 2021). The quantitative analysis of the dual task was also about spatiotemopral gait parameters such as walking speed and walking distance, with few fNIRS metrics (Tsang et al., 2022). In addition to that, many studies are currently conducted on dual-task training (Pang et al., 2018; Iqbal et al., 2020; Collett et al., 2021). Brain imaging evidence still to be explored whether it is an appropriate matching of the patient's abilities to the dual-task paradigm for assessment and effective training. The published meta-analysis related to the relationship between PFC and dual task has mainly focused on the elderly and Parkinson's patients, with insufficient inclusion of studies on stroke. It does not reveal well the situation of stroke as a group. We aimed to explore the above questions by analyzing related studies through meta-analysis.

The primary objective of this meta-analysis was to identify the difference of brain activation in PFC between single-task walking and dual-task walking in stroke patients. In addition, the secondary objective was to use subgroup analyses to assess the effects of different dual-task types and disease durations on the differences in activation between stroke patients performing single task and dual task.



2. Materials and methods

The results of this systematic review and meta-analysis are reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Moher et al., 2009). In addition, it was registered on the International Prospective Register of Systematic Reviews (PROSPERO; registration number: CRD42022356699).


2.1. Study selection criteria

We used the PICOS framework to formulate the inclusion criteria. Studies that met the following criteria were included in the review: (1) Population: adult participants with stroke. (2) Intervention: Participants in the studies performing dual-task walking (walking whilst performing a cognitive task or another type of motor task). (3) Comparison: The control group was a single walking task. Other tasks were not mixed during the walking. (4) Outcome: Studies used fNIRS to quantify the concentration changes of oxygenated hemoglobin (HbO) in PFC during single-task or dual-task walking. (5) Studies: The study design and the time of publication were not limited. The following types of articles were excluded: (1) conference proceedings, (2) review articles, (3) case reports, (4) retrospective studies, or (5) not written in English.



2.2. Search strategy

Keyword searches were performed in Medline, Embase, PubMed, Web of Science, CINAHL, and Cochrane Library from inception to August 2022. The search algorithm included all possible combinations of keywords from the following three groups: (1) stroke; (2) dual task, walking, gait, locomotion, mobility, ambulation, lower limb movement, lower limb motor; and (3) fNIRS, functional near infrared spectroscopy, functional near-infrared spectroscopy, NIRS, near-infrared spectroscopy, near infrared spectroscopy. Keywords and medical subject headings (MeSH) terms were used in the search. Relevant professional journals were searched manually when necessary. The specific search algorithm for each database is provided in Supplementary material.



2.3. Data extraction

A standardized data extraction form was used to collect the following methodological and outcome variables from each included study: author(s), year of publication, study design, type of pathology, sample size, participant characteristics (i.e., age, type of stroke, and disease duration), type of dual-task, and fNIRS outcome. Single-task walking was defined as the control group, while dual-task walking was defined as the experimental group. The subacute phase is defined as the range between 7 and 180 days after initial stroke. Chronic stroke is defined as the open-ended time period starting 180 days after initial stroke (Bernhardt et al., 2017). Most data were entered as mean with standard deviation (SD) for both groups at the baseline and when performing the task. When the authors analyzed patients according to gender or functional status categories, we combined the data for patients performing the same task type using the following formula:
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N, the size of sample; M, the mean of sample, S, the standard deviation of sample.

For the missing data, we tried to contact the authors to obtain the original data. HbO has been reported to be more sensitive to changes in cortical activity associated with walking, while HbR is more susceptible to contamination by factors affecting optical path length and crosstalk than HbO (Leff et al., 2011). For these reasons, HbO was generally chosen as the primary outcome of prefrontal recruitment (Hoshi et al., 2001). Therefore, we only extracted HbO but not HbR to explore the activation of PFC. For randomized controlled trial (RCT) designed studies, only pre-test data were extracted in order to avoid the influence of intervention on PFC (Moon et al., 2016). To avoid the effect of the intervention on the pattern of stroke processing dual task, post-intervention HbO data were not extracted.



2.4. Quantitative data synthesis

Meta-analysis was used to determine the pooled effect size of PFC activation comparing single tasks and dual tasks, to measure activation differences between single tasks and dual tasks in stroke patients (ST-DT diff). For each trial in the articles, we used Comprehensive Meta-Analysis (CMA) software version 2.0 (Biostat, Inc., Englewood, NJ, USA) to synthesize an effect size. The overall effect of group comparisons was assessed using the standardized difference in means (SMD) and 95% confidence intervals (CI).
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The effect sizes were interpreted as 0.2 for a small effect, 0.5 for a moderate effect, and 0.8 or greater for a large effect (Pei and Wu, 2019). We used a random effects model to correct for variable effect sizes due to the heterogeneity in included studies (e.g., characteristics of patients, walking environment, time, or outcome measures). The I2 index was used to assess the study heterogeneity. In addition, we performed subgroup analyses for study characteristics (disease duration, type of dual-task, or hemispheres) to complete secondary analyses on the impacts of different factors. Publication bias was assessed using a visual inspection of funnel plots. Studies that fell outside the funnel shape had a high risk of bias.



2.5. Study quality assessment

The National Institutes of Health (NIH) Research Quality Assessment tool was used to assess the quality of each included study by two reviewers (QL and WJ). The “Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies” was used for cross-sectional studies. The “Quality Assessment of Controlled Intervention Studies” was used for RCT. Each tool consisted of 14 questions. The study quality assessment helped to measure the strength of scientific evidence, but it was not used to determine the inclusion of studies. The GRADEPro (McMaster University, 2020, Ontario, Canada) was used for assessing the quality of the evidence. When two reviewers had a disagreement, a third person (SX) was consulted to resolve it.




3. Results


3.1. Selection process

A total of 377 articles were retrieved in the database from six databases, and three articles were identified through other sources. After removing duplicates, 189 eligible records were retrieved. In total, 174 articles were excluded from the title and abstract screening. After full-text reading, five articles were excluded because they did not meet the criteria. Finally, 10 articles were included in the review, and nine articles were included in the meta-quantitative analysis. One paper was excluded from the meta-analysis because it only performed the difference value between HbO and HbR without reporting the HbO data separately. The detailed process is shown in Figure 1.


[image: Figure 1]
FIGURE 1
 Systematic review, PRISMA flow diagram.




3.2. Basic characteristics of the included studies

Tables 1, 2 summarize the information extracted from the 10 included articles. Eight articles were cross-sectional studies and two articles were RCTs. A total of 224 stroke patients were involved, including 32 patients in the subacute stage and 192 patients in the chronic stage. Five articles adopted the dual-task walking involving serial subtraction. Two articles adopted walking whilst obstacle crossing (Hawkins et al., 2018; Clark et al., 2021). Two articles adopted walking whilst n-back (Hermand et al., 2019, 2020). Two articles adopted walking whilst a verbal task (Hawkins et al., 2018; Lim et al., 2022). Only one paper adopted walking whilst picture-planning or stroop (Collett et al., 2021).


TABLE 1 Study and participant characteristics.
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TABLE 2 Dual-task type and HbO data extraction.
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3.3. Meta-analysis
 
3.3.1. Primary and secondary analyses
 
3.3.1.1. Activation of PFC: ST vs. DT

Figure 2 shows the overall meta-analysis of comparing the PFC activation between ST and DT. We found that there was more PFC activation when performing dual-task walking than when performing single-task walking. The total number of studies included in the random effect model was nine. Compared with the ST group, the overall effect size of HbO increase in the DT group was significant (SMD = 0.340, P = 0.02, I2 = 7.853%, 95% CI = 0.054–0.626).


[image: Figure 2]
FIGURE 2
 Forest plot for the PFC activation of DT group compared with ST group.




3.3.1.2. Variations of ST-DT diff: Comparing different disease durations

Subgroup analyses according to disease duration are shown in Figure 3. The ST-DT diff is significant for stroke patients in the chronic phase (SMD = 0.369, P = 0.038, I2 = 13.692%, 95%CI = 0.020–0.717), while no significant ST-DT diff was found in patients with subacute stroke (SMD = 0.203, P = 0.419, I2 = 0%, 95% CI = −0.289–0.696).


[image: Figure 3]
FIGURE 3
 Forest plot for comparing PFC activation of ST and DT in subacute and chronic patients.




3.3.1.3. Variations of ST-DT diff: Comparing different types of dual-task

Subgroup analyses according to the type of dual-task are shown in Figure 4. We separated the meta-analysis for serial subtraction, obstacle walking, and verbal and n-back tasks. We found that stroke patients who performed the dual-task walking combined with serial subtraction (SMD = 0.516, P < 0.001, I2 = 0%, 95% CI = 0.239–0.794), obstacle crossing (SMD = 0.564, P = 0.002, I2 = 0%, 95% CI = 0.205–0.903), or verbal task (SMD = 0.654, P = 0.009, I2 = 0%, 95% CI = 0.164–1.137) had greater PFC activation than performing single-task walking. Combined with the n-back task, it did not show a significant differentiation of activation compared with single-task walking (SMD = 0.203, P = 0.419, I2 = 0%, 95% CI = −0.289–0.696).


[image: Figure 4]
FIGURE 4
 Forest plot for comparing PFC activation of ST and DT in different types of dual task.





3.3.2. Sensitivity analyses

To further explore the effect of each article on the total effect size and the accuracy of the results, we performed a sensitivity analysis by sequentially excluding one of the studies, and then repeating the analysis. The results are shown in Figure 5. We found that the significance of the overall effect size changed when some studies were removed. But the results did not change direction. When study by Collett et al. was removed, the heterogeneity index I2 of the combined results decreased to 0. We considered this study to have a large heterogeneity due to differences in design and equipment. Our results were robust when we included other studies with less heterogeneity.


[image: Figure 5]
FIGURE 5
 Sensitivity analysis for comparing PFC activation of ST and DT. When the following studies were excluded, the heterogeneity of the combined results was as follows: I2 = 9.878% (Al-Yahya et al., 2016); I2 = 6.688% (Chatterjee et al., 2019); I2 = 3.832% (Clark et al., 2021); I2 = 5.709% (Hawkins et al., 2018); I2 = 11.319% (Hermand et al., 2019); I2 = 9.19% (Hermand et al., 2020); I2 = 0% (Collett et al., 2021); I2 = 9.03% (Lim et al., 2022); I2 = 11.411% (Mori et al., 2018).




3.3.3. Publication bias analyses

Figure 6 shows the funnel plot of the nine studies. We performed a publication bias analysis on the standard difference in means between ST and DT. We found that one article fell outside the funnel plot and had a large bias (Collett et al., 2021). The other articles were more evenly distributed and showed no hint of publication bias.


[image: Figure 6]
FIGURE 6
 Funnel plots used to examine publication bias in dual task-single task differences in PFC activation.





3.4. Study quality assessment

Table 3 reports the results of our study quality assessment. All of the eight cross-sectional studies clearly described the research question or purpose, and they followed the inclusion and exclusion criteria of the study. Their outcome measures were also clearly defined and adjusted for the effect of the relationship between exposure and outcome. Five studies examined different levels of the exposure as related to the outcome (Liu et al., 2018; Chatterjee et al., 2019; Hermand et al., 2019, 2020; Lim et al., 2022). Two studies did not implement consistently across all study participants (Hermand et al., 2019, 2020). Only one study provided a clear definition of the study population and reported that the participation rate of eligible persons was at least 50% (Liu et al., 2018). No study provided a sample size justification. Two RCTs used random sequence generation. Participants and assessments were blinded in only one study (Clark et al., 2021). In the other study, only participants were blinded (Collett et al., 2021). All studies included had good study quality. Table 4 shows the quality of the evidence by GRADE criteria. Dual-task had higher PFC activation than single-task, with low certainty of evidence.


TABLE 3 Quality assessment.
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TABLE 4 The certainty of evidence by GRADE.
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4. Discussion

This study systematically reviews and quantifies the differences in PFC activation between stroke patients performing single-task walking and dual-task walking. Our meta-analysis shows that PFC activation is higher in stroke patients performing dual-task walking than single-task walking. This differences in this PFC activation also vary according to the different types of dual-task and different disease durations in stroke groups.


4.1. Activation of PFC: ST vs. DT

Our meta-analysis showed that there was a significant difference in PFC activation between stroke patients performing single-task walking and dual-task walking, which was mainly manifested by an activation degree that was significantly increased during dual-task walking. The following are possible explanations for the results. First, compared with single-task processing, dual-task processing requires additional executive functions to resolve the interference between tasks. Previous studies indicated that the PFC is the main brain region responsible for executive functions in dual-task processing. The PFC has three subregions. The frontopolar cortex is mainly related to coordinating independent tasks processing. The medial frontal cortex forms reward expectations for task setting, based on motivational cues. The lateral prefrontal cortex is mainly responsible for the selection and characterization of task setting rules (Koechlin et al., 2003; Koechlin and Hyafil, 2007). When additional tasks are added, these relevant regions and networks will be mobilized further to complete the dual-task processing. Secondly, this may be the result of the loss of walking automaticity in stroke patients. Healthy individuals can switch intrinsically between automatic and executive control strategies (Clark, 2015). They can reduce the cognitive demands of walking when they perform dual-task walking and use remaining prefrontal resources to complete additional cognitive tasks. The presence of neurological damage in stroke patients exposes dual-task neurocompensatory mechanisms that resulting in a shift in motor strategy from normal automaticity to compensatory. The cognitive control of walking has to be enhanced when automated walking ability is diminished (Ehgoetz Martens et al., 2020). Thirdly, the confidence of patients in their own balance can affect walking performance (Danks et al., 2016). Patients with stroke have deficits in physical functioning, including motor and balance. So they become involuntarily nervous and concentrated when challenged with complex tasks. The fear of falling may massively increase their focus to cope with unfamiliar or unpredictable situations (Aihara et al., 2021). Eventually the patient exhibits a cautious gait and an increase in the control of walking (Rosén et al., 2005; Schinkel-Ivy et al., 2016).

However, a study showed the opposite result. Collett et al. showed that dual task brought lower PFC activity than single task (Collett et al., 2021). We consider that this heterogeneity stems from their different dual-task type. Stroop testing involves the handling of conflicts. Participants are required to perform a less automated task while simultaneously inhibiting a more automated task (Scarpina and Tagini, 2017). The picture planning task involves sequential planning of actions. We presume that the auditory stroop task and picture-planning task in their experiments made it impossible for the subjects to maintain their level of task performance when they reached the upper limits of their available neural resources, and their performances may have declined rapidly (Cabeza et al., 2002). This was similar to the results of an article observing older adults (Salzman et al., 2021). Moreover, one study argued from the concept of resource competition that reduced activation is consistent with the resource allocation model of dual-task processing (Low et al., 2009).



4.2. Variations of ST-DT diff: Comparing different disease durations

In our meta-analysis, chronic patients showed small effect sizes, but there were no significant effect sizes in patients in the subacute phase. We interpret that the source of the difference is existence of a “ceiling” phenomenon and can be explained by models of limited capacity. Additional cognitive tasks make it difficult to activate PFC more when the patients already perform single task at or near maximum prefrontal replenishment capacity. This phenomenon has been found in multiple studies (Chatterjee et al., 2019; Hermand et al., 2020). Subacute patients followed the “posture first” strategy to prioritize walking (Ohzuno and Usuda, 2019; Chan and Tsang, 2021). Then, they could only use a small portion of their remaining capacity for additional cognitive tasks, which was limited by a smaller reserve of cognitive resources. A study showed significant cognitive improvement in stroke patients at 3 and 12 months compared to baseline (Buvarp et al., 2021). In the subacute subgroup, the disease duration of the patients in the two included studies was < 3 months, which was in the early subacute phase. At this time, it is still in the stage of motor and cognitive recovery. Another study also found that PFC activation was enhanced in stroke patients after prolonged rehabilitation (Miyai et al., 2003). Therefore, chronic patients may have better cognitive reserves and executive functioning after a period of recovery than those in the subacute phase. They were able to allocate more cognitive resources to cognitive tasks (Hermand et al., 2019). In addition, the subacute patients included in this study mainly underwent the n-back paradigm. This was too difficult to accomplish for subacute patients, who are inherently limited in their abilities. Hermand et al. also found a sharp decrease in the correct response rate when subjects performed the 2-back task, compared to the 1-back task (Hermand et al., 2019). This suggests that patients may drop out of cognitive tasks due to complexity, leading to a not significant ST-DT diff.



4.3. Variations of ST-DT diff: Comparing different types of dual-task

Another finding of our study is the different ST-DT diff when stroke patients perform different dual-task types. In our study, serial subtraction, crossing obstacles, and verbal dual tasks all showed moderate effect sizes. The largest effect size of ST-DT diff was found in the verbal task. This is consistent with the results reported by Bishnoi et al. (2021). Verbal tasks involve language-related channels in the frontal lobe. The inferior frontal junction (IFJ) in PFC as the language-related subregion has strong connectivity with known language-related subregions (Hwang et al., 2022). This combined cognitive and linguistic functional demand makes prefrontal activation more pronounced. For the other two dual-task types, a study reported that PFC activation is greater for the cognitive dual-task than for the motor dual-task (Lu et al., 2015). However, our analysis did not show a greater ST-DT diff for the serial subtraction task whilst walking than for the crossing obstacle task. Serial subtraction involves the formation of working memory and concept formation in executive functions while crossing obstacles involves decision planning and the monitoring of actions in executive functions (Darekar et al., 2017; Yang et al., 2018). No matter which dual-task paradigm is used, the brain needs the executive function of the PFC to coordinate and to complete the processing of the two tasks smoothly. Therefore, this caused a similar increase in ST-DT diff.

The n-back task while walking did not show significant ST-DT diff, which is consistent with the results reported by Hermand et al. (2019). This phenomenon may be related to its excessive difficulty. The n-back paradigm involves a mass of working memory. Subjects need to match the stimuli and make specific responses to the information (Li et al., 2021). This is a great challenge for the cognitively impaired stroke patients. They are at increased risk by focusing too much on cognition, so they will prioritize posture control to reduce fall risk (Yogev-Seligmann et al., 2012). At this time, the blood is diverted to other areas that are important for movement, and the transmission of HbO to the PFC is reduced (Beurskens et al., 2014). On the other hand, the inclusion of subacute patients may also have an impact, as mentioned earlier. The results of the more difficult auditory stroop task and the picture-planning task were also explained before.



4.4. Clinical implications

It was previously thought that the unique features of the dual-task were allowed to assess the risk of falling and the potential of patients to return to their homes and communities (Hyndman and Ashburn, 2004; Feld et al., 2018; Tsang and Pang, 2020). When patients perform dual task, a poorer performance suggests an increased risk of falls (Wollesen et al., 2019). fNIRS brings more information as another tool. PFC overactivation during dual-task walking often suggests neural inefficiency and is accompanied by a decline in performance ability (Kahya et al., 2019). This indication also signals that the patient is still finding difficulty in walking independently and safely during daily life. Moreover, the variability of ST-DT diff between the dual-task paradigms also implies that different combinations of tasks should be considered during assessment. This will provide a more comprehensive understanding of the deficits in dual-task ability for different stroke patients.

The result may also inform the creation of future intervention programs for the rehabilitation of stroke patients. Many current dual-task trainings aim to use the dual-task practice to improve walking ability and executive function in stroke patients (Liu et al., 2017; Pang et al., 2018; Meester et al., 2019; Strobach, 2020). However, we need to be careful when choosing the cognitive task. We suggest that the intensity of DTI given should increase PFC activation without a significant deterioration in walking performance, in order to achieve the effect of promoting the functional recovery of brain regions and increased dual-task processing capacity. When the activation is too little, one can consider that the cognitive load is too small to achieve the purpose of training, and the other is that the cognitive load is too large, exceeding the upper limit of the patient's ability. This standardized dual-task combination can be used to observe the functional capacity of indicators in more challenging situations than conventional clinical testing, and to individually tailor corresponding interventions for stroke patients.

On the other hand, we do not recommend starting dual-task training in subacute patients, which not only increases the risk during training, but also, the training effect may not meet expectations. One study found that dual-task walking speed increased after dual-task training in patients with better walking abilities, but this was not effective in those with poorer abilities (Collett et al., 2021). We suggest that subacute patients with poorer function should focus more on improving the automation of walking, while chronic patients with better function increase the complexity of cognitive tasks.



4.5. Limitations

Our study also had certain limitations. Not only did stroke patients have activity changes in PFC during the performance of dual-task, but other brain regions such as SMA and PMC also underwent characteristic and regular changes in response to increased cognitive tasks. However, these messages were not included in our review, due to the fewer studies analyzing the activations in these brain regions. Additionally, the number of included studies in each of our subgroups varied, which may have biased the review. For example, when we compared the activation differences between subacute and chronic patients, the types of dual-task included in two subgroups included were different. Secondly, we found that most of the included studies used the combined HbO values of the left and right PFC, or compared the difference between the left and right hemispheres. Differences in PFC between the healthy and affected sides were less frequently reported. In general, strokes mostly involve unilateral damage. It is inconclusive as to whether this neural tissue damage makes the results of dual-task response different on the affected side of the brain. Moreover, the number of studies and the limited information available made it difficult to analyze other confounding factors, such as ischemic stroke vs. hemorrhagic stroke, different age groups of the stroke population, and treadmill vs. ground walking. The impacts of these factors should continue to be explored in the future.




5. Conclusions

Our meta-analysis shows differences in PFC activation after stroke between the performance of single and dual tasks, based on fNIRS measurements. It varies with the task type and disease duration. The results provide informative suggestions for the future clinical use of the dual-task paradigm to assess the extent of patient walking recovery and training effectiveness, and to predict community walking ability. This also provides a theoretical basis for a better understanding of post-stroke walking behavior deficits and the development of strategies to optimize safe mobility after stroke.
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Background: Parkinsonian tremor is a common pathological tremor that affects over 6 million people worldwide. It lowers patients' quality of life and threatens their career development, especially when patients' occupation requires dexterous manipulation. In spite of current available treatments in clinics, there is a lack of low-cost, low side-effect, effective solutions for Parkinsonian tremor. Transcranial direct current stimulation (tDCS) may be an alternative treatment.

Objective: In this research, we explored the immediate effect of tDCS with a novel bilateral electrode setup over Parkinsonian tremor. In such a bilateral setup, the cathode was placed over the primary cortex contralateral to the more affected side of Parkinsonian tremor while the anode symmetrically over the other hemisphere. It was designed as a modification to the traditional cathodal setup. The performance of this bilateral setup was compared with three other setups including anodal setup, cathodal setup, and sham (control).

Methods: A randomized, sham-controlled, double-blind, crossover experiment was carried out over 13 qualified patients diagnosed with idiopathic Parkinson's disease (PD). Before and after the stimulus of each tDCS setup, subjects were tested before and after tDCS with four measures, including the Unified Parkinson's Disease Rating Scale (UPDRS), Fahn-Tolosa-Marin Tremor Rating Scale (FTMTRS), Purdue Pegboard Test (PPT) and a self-design Continuous Tremor Signal Assessment (CTSA). Tremor intensity calculated from CTSA data were regarded as the primary outcome of the experiment.

Results: Statistical results of CTSA, FTMTRS and PPT showed both bilateral tDCS and cathodal tDCS effectively suppressed Parkinsonian tremor. A quantitative comparison of the effect in tremor suppression indicated the optimal suppressive effect was obtained with bilateral tDCS. Based on the results of UPDRS, anodal tDCS was found to benefit subjects' overall performance the most, however, it had little effect in improving Parkinsonian tremor, as revealed by the results of other evaluations.

Conclusion: Our study suggests a beneficial immediate effect of bilateral tDCS in Parkinsonian tremor suppression. In addition, we assume there may be an underlying interhemispheric unbalance of cortical excitability which contributes to Parkinsonian tremor genesis.

Clinical trial registration: Identifier: ChiCTR2100054804.
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transcranial direct current stimulation, Parkinson's disease, Parkinsonian tremor, tremor suppression, electrode setups


1. Introduction

Pathological tremor is the most common movement disorder that manifests as an involuntary, large-amplitude, rhythmic oscillation in human body (Helmich et al., 2013). It lowers patients' quality of life by affecting their daily behaviors (Berk et al., 2002). Particularly by weakening limb control ability (especially fine movements), tremor can threaten patients' career development especially when patients' occupation requires dexterous manipulation (Dick et al., 2000; Lee et al., 2014). Parkinsonian tremor is an early unfatal symptom originated from Parkinson's disease (PD) (Deuschl et al., 1998). However, as time moves, it will deteriorate in intensity alongside with other complications (Weintraub and Stern, 2005; Tinazzi et al., 2006) and finally lead to subsequent fatal accidents, such as falls (Gray and Hildebrand, 2000). As indicated by a recent investigation related with PD patients, Parkinsonian tremor tremendously reduced patients' life satisfactory level (Rosqvist et al., 2017). To tackle this, a timely effective treatment is needed once Parkinsonian tremor takes place.

The most fundamental therapy targeting Parkinsonian tremor is pharmaceutical treatment. Although easy to access (levodopa, dopamine agonists etc.), it has been constantly reported with unsatisfactory side-effects as well as the weakening treatment effect post honeymoon (Rinne, 1983; Borovac, 2016; Nonnekes et al., 2016). Moreover, there is significant drug action difference between individuals, which may lead to suboptimal clinical prescription (Pavese et al., 2006; Tomlinson et al., 2010). Regardless of pharmaceutical treatments, deep brain stimulation (DBS) (Benabid, 2003), representative of relevant surgical operations, is mainly considered for the levodopa-responsive patients with intermediate symptoms of PD (Bronstein et al., 2011). It facilitates a reduction of dopamine absorption amount (Kleiner-Fisman et al., 2006) and substantially improve the quality of life with Parkinsonian tremor by decreasing the tremor intensity (Diamond and Jankovic, 2005). However, patients have to bear high cost for the surgical operation along with high risks of major surgery (hemorrhage, infection, hallucination, severe depression etc.) (Doshi, 2011). With regard to other available surgical treatments, pallidotomy and thalamotomy are little considered because of their irreversible lesion to the brain (Lee et al., 2018). Other novel attempts to offset Parkinsonian tremor with antagonist muscles includes methods applying functional electrical stimulation (FES) (Maneski et al., 2011; Zhang et al., 2011). However, it was withheld from practical use due to electric safety concern where electricity was applied directly to human skin surface.

Considering neuromodulation, there have been some promising, non-invasive neuromodulation techniques. One of them is transcranial direct current stimulation (tDCS) which elicits sustained cortical excitability alterations by inducing low-intensity direct currents onto the scalp (Nitsche et al., 2008). Compared to other neuromodulation techniques such as transcranial magnetic stimulation (TMS) that requires bulky and expensive device, tDCS requires much lower cost device and is more portable to be home-used (Hallett, 2007). Therefore, considering practical conditions, tDCS may better suit the vast and urgent need of patients suffering from Parkinsonian tremor. A quantity of studies investigating tDCS have been carried out and confirmed the efficacy of tDCS in various applications, including cognitive enhancement (Coffman et al., 2014), and disease treatments, such as depression treatment (Fregni et al., 2006a). Targeting incurable neurologic disorders, tDCS was first used in stroke. A study by Fregni et al. (2005) found out tDCS could significantly improve the motor functions of stroke patients with either anodal stimulus over their affected primary cortex or cathodal stimulus over their unaffected primary cortex. The effect of tDCS was also proven by other studies combining tDCS with other methods, such as tDCS + occupational therapy (Nair et al., 2011), tDCS + FES (Shaheiwola et al., 2018) etc. Additionally, the motor functions of stroke patients were found to improve better with combined methods than with either technique alone. Fundamental studies demonstrated the effect of tDCS is polarity-dependent: in general, anodal tDCS (a-tDCS) facilitates cortical excitability while cathodal tDCS (c-tDCS) inhibits (Nitsche and Paulus, 2000, 2001). A study by Mahmoudi et al. (2011) proposed a novel setup of electrode placement named bilateral tDCS, where two pairs of electrodes were used together. Their results showed bilateral tDCS induced more motor improvement in stroke patients than traditional setups. The effect of bilateral tDCS in motor cortex excitability alteration was proven by another study by Di Lazzaro et al. (2014) with motor evoked potentials (MEP).

The application of tDCS in Parkinson's disease was initiated by Fregni et al. (2006b). According to their MEP results, both anodal tDCS and cathodal tDCS elicited an immediate motor cortex excitability alteration after stimulus; however, UPDRS results showed only anodal tDCS facilitated a significant improvement in PD patients' comprehensive motor function. The lasting effect of tDCS in PD was demonstrated by Benninger et al. (2010) who conducted an 8-session anodal tDCS over a cohort of qualified PD patients. Their results showed long-term tDCS treatment could especially improve PD symptoms of bradykinesia and mobility. In addition, tDCS treatment was found to affect PD patients in working memory (Boggio et al., 2006), functional mobility (Manenti et al., 2014), freezing of gait (Valentino et al., 2014), executive function (Doruk et al., 2014) etc. Attempts to enhance the effect of tDCS were made by combining tDCS with other methods, such as gait training (Costa-Ribeiro et al., 2017; Fernández-Lago et al., 2017), dancing (Kaski et al., 2014) and cognitive training (Manenti et al., 2018). While most studies evaluated the effect of tDCS with scales targeting the comprehensive motor function behaviors of PD, few has focused on Parkinsonian tremor.

In our research, we investigated the immediate effect of tDCS with different electrode placement setups and focused on Parkinsonian tremor which occurs in upper limbs. A novel bilateral electrode setup was considered (bilateral tDCS, b-tDCS) where a pair of anode and cathode was placed over the scalp symmetrically. It was designed as a modification of anodal setup. We expected b-tDCS could produce a similar or better effect in suppressing Parkinsonian tremor. This bilateral setup was never used for PD, however has been tested to be safe in studies of stroke treatment. Related to PD, we found only one study investigating balance and fear of fall, where bilateral anodal tDCS was applied and two pairs of electrodes were used (Hadoush et al., 2018). Thus, to our knowledge, the bilateral setup used in our research was the first time to be applied in the topic of PD. As comparison, traditional anodal and cathodal setup (a-tDCS and c-tDCS), along with sham tDCS (s-tDCS) as control, were considered in the experiment. In addition, primary motor cortex (M1) was chosen as the target area for stimulation in accordance with previous studies (Fregni et al., 2006b; Benninger et al., 2010).



2. Methods


2.1. Subjects

The research has been approved by the Chinese Clinical Trial Registry (Registration No.: ChiCTR2100054804) and the local Ethics Committee of Shanghai Jiao Tong University, China (Approved No. of Ethic Committee: 2019 Clinical Trial No. 136). All subjects provided written consent after being informed of the purpose and the procedures of the experiment. The overall experiment was strictly performed in accordance with all relevant guidelines and regulations of the institutional review board and the Declaration of Helsinki. Patients were recruited by the department of neurology of Rui Jin Hospital (Shanghai, China). All of them were out-patients with upper limb tremor resulted from Parkinson's disease (Excluded N = 11; Not meeting the inclusion criteria N = 7; Declined to participate N = 4) (Figure 1).


[image: Figure 1]
FIGURE 1
 CONSORT diagram demonstrating the study recruitment process.


The inclusion criteria for subjects were: (1) age between 50 and 80 years old, (2) confirmed diagnosis of idiopathic Parkinson's disease according to the MDS clinical diagnostic criteria for PD (Postuma et al., 2015), (3) symptom of upper limb tremor (rest tremor or postural tremor) resulted from PD, and (4) modified Hoen & Yahr (H&Y) Stage 1 to 3 (Hoehn and Yahr, 1967). The exclusion criteria included: (1) history of other diseases that may lead to pathological tremor, such as essential tremor (Deuschl et al., 1998), (2) under the treatment of other neuromodulation therapy, such as DBS, within recent 1 month, (3) history of mental problems, including anxiety, dementia, hallucination or delusion etc., (4) strong reliance on anti-Parkinson medications, or (5) history of cognitive disorder [Mini-mental State Examination (MMSE) score ≤ 16] (Tombaugh and McIntyre, 1992).

The average disease duration of PD among all subjects [7M/6F, all right-handed, aged 67.5 ± 4.9 (mean ± SD)] were 4.38 ± 1.86 (mean ± SD) years. The Unified Parkinson's Disease Rating Scale (UPDRS) score ranged from 20 to 78 [31.7 ± 15.4 (mean ± SD)] while the modified H&Y stage ranged from 1.0 to 3.0 [1.8 ± 0.8 (mean ± SD)]. The tremor was found to be lateralized in all subjects. Throughout the manuscript, we refer to the more-affected side (MAS) as the side of body exhibiting more severe tremor, which was determined visually by an experienced physician, while the less-affected side (LAS)was defined as the other. Of all subjects, about half (n = 7) were found to be more-affected by tremor on the left side with the other half (n = 6) on the right side. The average levodopa-equivalent daily dose (LEDD) among all subjects was 278.8 ± 203.3 (mean ± SD) mg according to the calculation protocol provided by Tomlinson et al. (2010). In order to exclude drug effects, all subjects were told to discontinue anti-Parkinson medications on the day of the experiment, which ensured a withdrawal period of more than 12 h. Anti-Parkinson medications were resumed immediately after the experiment session of the day.



2.2. Study design

The experiment followed a randomized, sham-controlled, double-blind, crossover design (Schulz et al., 2010). It was designed based on the baseline stability assumption that the subjects could maintain a constant tremor manifestation if left unaffected. The aim of this experiment is to investigate the short-term (immediate) effect over Parkinsonian tremor, with three different active tDCS setups, namely the anodal, cathodal and bilateral setup. In order to exclude placebo effects, a control setup with sham tDCS was considered for comparison. Therefore, the complete experiment consisted of four different setups, with each corresponding to a session in the experiment (Figure 2). The sequence of carrying out the four sessions over each subject was generated by a random sequence generator programmed on Matlab R2015b (Mathworks Inc., USA). Each session was conducted around the same time of the day to minimize the circadian influences. It started with the pre-intervention evaluations involving three clinical scales and the continuous tremor signal assessment (CTSA), followed immediately by the tDCS intervention (sham/active) and the post-intervention evaluation. During the experiment, a specific physician served as the evaluator and finished all evaluations, while another experimenter performed the tDCS intervention. All subjects and the physician were blind to the current tDCS setup. Between each session, there was a long enough wash-out period of more than 2 days to clear up the effect of the previous intervention. In subsequent analysis, we evaluated the effect of the current setup of tDCS by comparing the performance of subjects before and after the tDCS intervention.


[image: Figure 2]
FIGURE 2
 Experimental protocol.


The three related clinical scales were: (1) UPDRS, (2) Fahn-Tolosa-Marin Tremor Rating Scale (FTMTRS) and (3) Purdue Pegboard Test (PPT). To lessen the time cost of the evaluation, full UPDRS and full FTMTRS were only used as a pre-intervention evaluation and a simplified version of them, namely the simplified version with only Part III of the UPDRS that relates motor function (UPDRS-III) and the modified FTMTRS (mFTMTRS) comprising Part A and Part B in FTMTRS, was used as the post-intervention evaluation. The assessment of the PPT remained the same before and after the intervention. To obtain more accurate and detailed description of tremor, we designed the procedure of CTSA where tremor acceleration and EMG signals were assessed. The sensors used for the CTSA were kept on subjects until the end of the post-intervention CTSA. In case that the accelerometer and EMG sensors might interfere with subjects' performance in chosen scales, we modified the sequence of the measures and arranged CTSA to be the last pre-intervention evaluation and the first post-intervention evaluation.



2.3. Intervention

To apply tDCS, a commercial CE-certified device named DC-Stimulator (NeuroConn GmbH, Germany) was used. For each subject, we started by locating the primary motor cortex (M1) on the more-affected side through targeting the abductor pollicis brevis (APB) hot spot at rest with transcranial magnetic stimulation (TMS) with a device called Magstim Rapid 2 (Magstim Co., UK). A pair of sponge electrodes (6.5 cm*6.5 cm) moistened with 0.9% NaCl solution were placed regarding different tDCS setups, as shown in Figure 3A (assuming the MAS is on subject's left side): in the anodal setup, the anode was placed over the left M1 hotspot and the cathode was placed over the right supraorbital region. An opposite electrode placement setup was used in the cathodal setup. For bilateral setup, we placed the anode and the cathode over the right and the left M1 hotspot symmetrically. In all aforementioned active stimulations, a direct current of 1.5 mA was delivered constantly to the skull over 20 min with a ramp-up and ramp-down of 20 s. The parameters of the active stimulations were chosen in accordance with the most up-to-date safety guidelines for tDCS (Bikson et al., 2016). In sham tDCS, the electrode placement was the same as in the bilateral setup, however, in the 20-min protocol the direct current only lasted for a short time, followed by a serial pulse train of 110 uA (Figure 3B) without any therapeutic effect (Palm et al., 2013). In either active or sham setup of tDCS, the subject was seated comfortably on a chair in a quiet state and waited until the end of the intervention.


[image: Figure 3]
FIGURE 3
 tDCS settings. (A) Electrode placement of s-tDCS, b-tDCS, c-tDCS and a-tDCS. (B) Current waveform of active and sham tDCS.




2.4. Continuous tremor signal assessment

In order to quantify upper limb tremor for comparison, we collected two continuous tremor signals, which were tremor acceleration and EMG signals, respectively. Before experiment, the tremor type (postural tremor/resting tremor) to record of each subject was decided independently by a physician after patient's enrollment. The main principle of choosing the main tremor type is tremor intensity and stability. Intentional tremor was not considered in our research since it is difficult to standardize motion. For subjects whose main tremor type is resting tremor, we had them seated comfortably with arms fully supported on armrests and recorded their tremor. For the others, postural tremor was inspected with seated subject stretching the whole upper limb forward and maintaining the posture for some time (Zhang et al., 2018). Additional requirements in recording postural tremor included: (1) fingers closed, (2) palms facing downward, and (3) seated upright.

All data was recorded through a commercial device system named the Biometrics Datalog (Biometrics Inc., the USA), along with a three-axis accelerometer sensor and four surface EMG (sEMG) sensors. The accelerometer sensor was fixed onto the third knuckle of the middle finger on the more affected side. Four sEMG sensors were attached respectively onto the muscle bellies of the flexor carpi radialis (FCR), the flexor carpi ulnaris (FCU), the extensor carpi radialis (ECR) and the extensor carpi ulnaris (ECU). The data of tremor acceleration and EMG signals were both digitized into 1,000 Hz and simultaneously recorded. From each subject, we obtained a 5-min sequential data package comprising tremor acceleration and EMG signals.



2.5. Clinical measures

The full UPDRS is a standardized evaluation test for both motor and non-motor deficits of Parkinson's disease (Goetz et al., 2008) and was utilized in this experiment to assess the baseline of subjects. Since this research mainly focused on the symptom of tremor, a subscale consisting of Part III in UPDRS (UPDRS-III, Motor Examination) was used instead after intervention. The excluded parts were: (Part I) Non-motor Experiences of Daily Living, (Part II) Motor Experiences of Daily Living and (Part IV) Motor Complications, which were less associated with the immediate response of tremor.

FTMTRS is a tool used to evaluate tremor severity in human body (Fahn et al., 1993). The full scale was used in the pre-intervention evaluation to assess baseline. A subscale comprising Part A and Part B in FTMTRS was used as a corresponding post-intervention evaluation. We excluded Part C: Functional Disabilities Resulting from Tremor for it had less relevance with the short-term response in tremor.

PPT is a tool for manipulative dexterity evaluation and requires the subject to place the specific small objects as many as possible in the limited time (Tiffin and Asher, 1948). Since upper limb tremor was one of the factors that affect subject's hand dexterity, we assumed any change in subject's performance in PPT manifested the change in tremor severity. The scale consists of four parts: (1) moving pins with the right hand, (2) moving pins with the left hand, (3) moving pins with both hands and (4) assembling pins, collars and washers with both hands. We followed the standard procedure to implement PPT over subjects. Subjects were instructed to practice the tasks before the evaluation and afterwards underwent a three-trial PPT in both the pre- and post-evaluation.



2.6. Data processing

The raw scores of the clinical scales were summarized in Excel (2015, Microsoft Corp., the USA). For UPDRS-III, we computed: (1) the sum score of the UPDRS-III and (2) the sum score of item 20 and item 21 in UPDRS-III (UPDRS-III-tr). Please note that item 20 and item 21 in UPDRS III are the items that evaluates the intensity of upper limb resting tremor and postural tremor. For mFTMTRS, we computed: (1) the sum score of the mFTMTRS, (2) the sum score of the items related to the more-affected-side tremor (mFTMTRS-MAS) and (3) the sum score of the items related to the less-affected-side tremor (mFTMTRS-LAS). Assuming the more affected side was the right side of the body, the items related to mFTMTRS-MAS were item 5, 8, 11-Right, 12-Right, 13-Right, 14-Right, and 15-Right while items related to mFTMTRS-LAS were item 6, 8, 11-Left, 12-Left, 13-Left, 14-Left, and 15-Left. For PPT, the score of each item was first averaged among the 3 trials of PPT. We then computed: (1) the sum score of the PPT, (2) the score related to the more affected hand (PPT-MAS) and (3) the score related to the less affected hand (PPT-LAS). Assuming the more affected side was the right side, the score related to the more affected hand was the score of part 1, and the score related to the less affected hand was that of part 2.

The sequential data of the CTSA was converted into its text format and processed in Matlab (R2017a, MathWorks Inc., the USA). For three-axis tremor acceleration signals, the z-axis data that incorporated the most information of tremor (perpendicular to the ground) was used for analysis. A second-order zero-phase Butterworth bandpass filter with a passband from 0.5 Hz to 10 Hz was applied over the z-axis data to remove the zero-shifting of hardware sampling, the low-frequency voluntary movement components and the high-frequency irrelevant components (e.g., noise). For ease of further calculation, the filtered acceleration signal was then down-sampled to 100 Hz. For EMG signals, we applied a second-order zero-phase Butterworth bandpass filter with a passband from 0.5 Hz to 450 Hz to preserve the significant components of EMG activities (Merletti and Di Torino, 1999). A denoising notch filter was then utilized to remove the 50-Hz power line interference and its higher harmonics. Among the four EMG channels, the one with the largest mean absolute value (MAV) was selected for further analysis.

Both filtered acceleration and EMG signals were subsequently characterized in amplitude, frequency and shape. To feature amplitude, we computed root mean square (RMS) value as the primary outcome (Equation 1).
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where xi is the i-th sample in the data sequence (i = 1, 2, …, N).

In addition, the filtered acceleration data of each subject was segmented with a 1-second non-overlap sliding window, after which a set of each subject consisting of 300 acceleration segments could be generated. For each subject, we computed the RMS value of each acceleration segment and generated the set of segmented RMS (sRMS) value (Equation 2).

[image: image]

where Xj ∈ A is the j-th segment of set A (j = 1, 2, 3, …, NX).

The sRMS sequence was then sorted from small to large and generated another sequence called sorted sRMS (ssRMS) sequence. The ssRMS sequence manifested the distribution of sub-regional tremor amplitude. For ease of description, the ssRMS values were labeled from 1 to 300 based on their numerical order in the ssRMS sequence. The maximum value in the ssRMS sequence was also marked down as a feature for tremor acceleration.

To characterize the filtered tremor acceleration sequence in frequency, we computed the dominant frequency of its bispectrum. Bispectrum transform was chosen because it is mathematically able to describe non-linear, non-Gaussian, stochastic signals, such as Parkinson's tremor signals. It yields features that are more stable and anti-noise compared to those generated from power spectrum density (PSD) (Zhang et al., 2018). Here in this research, we computed dominant frequency by tracking the peak frequency on the diagonal slice of bispectrum. For EMG signals, we computed the feature called zero-crossing (ZC) to represent frequency, as shown in Equation 3.
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where [image: image].

With regard to shape factor, asymmetry between upper and lower waveform is one of the most characteristic features for tremor acceleration data. The third momentum was commonly used to quantify such a feature (Timmer et al., 1993; Jang et al., 2013). However, the third momentum considers time series data samples in an isolated manner and thus leads to the loss of information in time dimension. To solve the problem, we proposed another feature termed upper-lower symmetry (ULS) index inspired by cross-correlation function (Equation 4). The ULS index evaluates the symmetry of a zero-mean sequence by computing the maximum cross-correlation between its upper and lower waveform (Equations 5, 6). Its value ranges between 0 and 1 and is more sensitive in shape factor than the third momentum.
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where xU(i) denotes the upper waveform sequence, xL(i) denotes the lower waveform sequence and RXUXL(τ) denotes the cross-correlation function between the upper and lower waveform with delay τ.

For EMG signal, we computed its approximate entropy (ApEn) with parameters: embedded dimension m = 2 and tolerance r = 0.2*std. ApEn assessed the shape of the EMG signals by evaluating the regularity and complexity in time domain (Pincus, 1994).

To compare the difference in tremor before and after a certain intervention, we considered two indexes which were: absolute post/pre ratio (Equation 7) and relative post/pre ratio (Equation 8). The absolute post/pre ratio is a basic measure considering mainly the time factor and represents the difference between post-intervention condition and pre-intervention condition. The relative post/pre ratio is a more discreet measure that considers potential confounding factors, such as placebo effect. It was basically calculated as the absolute post/pre ratio of an active tDCS setup subtracted by the absolute post/pre ratio of sham setup. It represented the real difference induced by a certain tDCS setup. Both indexes ranged above 0. A larger post/pre ratio above 1 indicated a more prominent effect of tDCS. On the opposite, a smaller post/pre ratios below 1 indicated a more prominent effect.
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where Postcur and Precur denote the value of an index after and before intervention, respectively.
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where Postactive and Preactive denote the value of an index after and before a certain active tDCS intervention, and Postsham and Presham denote the value of an index after and before sham tDCS.



2.7. Statistics

The post/pre ratios of each feature was grouped based on the factor of session (tDCS setup). For absolute post/pre ratios, the data was grouped with four levels (s-tDCS, a-tDCS, c-tDCS, and b-tDCS) while that of the relative post/pre ratios was grouped with three levels (a-tDCS, c-tDCS, and b-tDCS). The Gaussianity of each group and their homogeneity of variance were tested by the Lilliefors test and the Bartlett test. If the null hypothesis of both tests held, namely the groups were both Gaussian and homogeneous in variance, a one-way analysis of variance (ANOVA) with repeated measures was performed, followed by the Tukey-Kramer post-hoc analysis. Otherwise, a non-parametric statistical test called the Friedman test was performed, followed by the Nemenyi post-hoc analysis. Since the purpose of the analysis over the absolute post/pre ratios was to investigate the effectiveness of the active setups, we considered the performance in the control (s-tDCS) session as a baseline and compared only the pairs between the control (s-tDCS) session and the active tDCS (a-tDCS, c-tDCS, and b-tDCS) sessions in post-hoc. In contrast, the relative post/pre ratio was analyzed to investigate the difference between different active tDCS sessions without the baseline effect of the control (s-tDCS) setup. We considered all possible session pairs that were between different active tDCS setups in post-hoc.

The baseline stability assumption was verified from two aspects. First, for short-term baseline stability (within one single session), we inspected the pre- and the post-data of each subject and grouped them based on the factor of time with two levels (pre s-tDCS and post s-tDCS). If the null hypothesis of the Lilliefors test and the Bartlett test held, the paired student's t-test was performed. Otherwise, the Wilcoxon signed rank test was performed. Second, for long-term baseline stability (across different sessions), the pre-intervention data of different tDCS setups was targeted and grouped based on the factor of session with 4 levels (pre s-tDCS, pre a-tDCS, pre c-tDCS, and pre b-tDCS). The grouped data was analyzed with the same statistical procedure as in post/pre ratios.

All statistics were performed using Matlab (R2017a, MathWorks Inc., the USA) with the basic level of statistical significance set at p < 0.05.




3. Results


3.1. Baseline stability

A paired student's t-test was performed over the UPDRS-III sum score of the control (s-tDCS) session to evaluate the short-term baseline stability. The result showed there was no significant difference between the pre- and post-data [t(12) = −0.433, p = 0.672]. Likewise, no significant difference between the pre- and post-data was found in the result by a Wilcoxon signed rank test over the mFTMTRS sum score (Z = 0.264, p = 0.792), the PPT sum score (Z = −0.786, p = 0.432), the RMS value of tremor acceleration (Z = −0.594, p = 0.552) and the RMS value of EMG signal (Z = −1.712, p = 0.087), respectively.

For long-term baseline stability, only the pre-intervention data of each session was targeted. The result of the repeated-measure ANOVA showed there was no significant effect of the factor of session in the UPDRS-III sum score [F(3,22) = 0.544, p = 0.580], the RMS value of the tremor acceleration [F(3, 33) = 0.512, p = 0.565] and the RMS value of the EMG signal [F(3,33) = 0.873, p = 0.396], respectively. In addition, no significant effect in session was found in the mFTMTRS sum score [[image: image]] and the PPT sum score [[image: image]], as revealed by Friedman test.



3.2. CTSA
 
3.2.1. Tremor acceleration

For RMS value of tremor acceleration, there was a significant effect of the factor of session in the absolute post/pre ratio [[image: image]] and in the relative post/pre ratio [F(2,22) = 12.3, p < 0.001]. Compared with the control (s-tDCS) session, we found a significant decrease in the c-tDCS session (p = 0.0482) and in the b-tDCS session (p < 0.001). The post-hoc analysis over the relative post/pre ratio showed the ratio in the b-tDCS was significantly lower than that in the a-tDCS session (p < 0.001) and the c-tDCS session (p = 0.00635). In addition, the relative post/pre ratio in the c-tDCS session was significantly lower than that in the a-tDCS session (p = 0.00311) (Figure 4A).


[image: Figure 4]
FIGURE 4
 Bar plot and box plot of the post/pre ratios in the CTSA. (A) Left: The bar plot and the box plot representing the absolute post-/pre-RMS ratio of the tremor acceleration; Right: The box plot representing the relative post-/pre-RMS ratio of the tremor acceleration. (B) Left: The bar plot and the box plot representing the absolute post-/pre-RMS ratio of the EMG signal; Right: The box plot representing the relative post-/pre-RMS ratio of the EMG signal. In the post-hoc analysis of the absolute post/pre ratio, we considered only the session pairs between the control (s-tDCS) session and the active tDCS (a-tDCS, c-tDCS, and b-tDCS) session. In the post-hoc analysis of the relative post/pre ratios, all session pairs were considered. The significance of post-hoc analysis was indicated by asterisks (*p < 0.05;** p < 0.01;*** p < 0.001).


In order to compare in detail how the tremor amplitude differed across various tDCS setups, we computed the absolute post/pre ratio and the relative post/pre ratio of each value in the ssRMS sequence (Figure 5B). The post/pre ratios of the same kind with the same numerical label in the ssRMS sequence were grouped together based on the factor of session and afterwards statistically managed. The outcomes of the significance in the post-hoc analysis are shown in Figure 5A, where a plus sign indicates a significant difference between the current session pair at the current percentile. Based on these, the ratio of significant results for each session pair was computed. The b-tDCS session achieved the highest significance ratio of 45.7% among the three concerned active tDCS sessions, compared with the control (s-tDCS) session. The a-tDCS session achieved the lowest significance ratio of 0.00%, while the c-tDCS session achieved a medium significance ratio of 21.3%. When the relative post/pre ratios of active sessions were compared against each other, the significant results of all session pairs were found to occur densely from the 35th percentile to the 97th percentile (correspondingly, from Label No. 106 to Label No. 293 in the ssRMS sequence), as shown in the lower subfigure of Figure 5A. It's worth noting that no significant effect by session was found in either the absolute post/pre ratio [F(3,33) = 1.38, p = 0.271] or the relative post/pre ratio [F(2,22) = 1.50, p = 0.247] of the maximum ssRMS value.


[image: Figure 5]
FIGURE 5
 Results of the post/pre ratio of the sorted segmented root-mean-square (ssRMS) values in tremor acceleration. (A) Statistical significance of the post-/pre-ssRMS value ratio between different tDCS session pairs. (B) Line chart (mean ± SE) of the relative post-/pre-ssRMS value ratio of three active tDCS sessions.


With regard to the dominant frequency of bispectrum, no significant effect by session was found in the statistical analysis over the absolute post/pre ratio [[image: image]] and the absolute post/pre ratio [[image: image]], respectively. Likewise, for the ULS index, there was no significant effect by session found in the absolute post/pre ratio [[image: image]] and the absolute post/pre ratio [F(2,22) = 0.577, p = 0.564], respectively.



3.2.2. EMG signal

In RMS value of EMG signals, we found a significant effect by session in both the absolute post/pre ratio [F(3,33) = 3.51, p = 0.0466] and the relative post/pre ratio [F(2,22) = 4.31, p = 0.0452], respectively. In the post-hoc analysis over the absolute post/pre ratio, a significant difference between the b-tDCS session and the control (s-tDCS) session was found (p = 0.0113). There was no significant difference between the a-tDCS session and the control (s-tDCS) session (p = 0.686), and between the c-tDCS session and the control (s-tDCS) session (p = 0.0576). In comparing between different active tDCS sessions, the post-hoc analysis over the relative post/pre ratio revealed both the c-tDCS session (p = 0.00521) and the b-tDCS (p = 0.00152) has a lower relative post/pre ratio than the a-tDCS session. In addition, the b-tDCS session yielded the lowest relative post/pre ratio, even compared with the c-tDCS session (p = 0.0136) (Figure 4B).

No significant effect by session was found in the absolute post/pre ratio and the relative post/pre ratio of ZC [[image: image]]. Likewise, there was no significant session effect in the absolute post/pre ratio and the relative post/pre ratio of ApEn [[image: image]].




3.3. Clinical scales
 
3.3.1. UPDRS-III

To investigate the effectiveness of the three concerned tDCS setups, a Friedman test was performed over the absolute post/pre ratio of the sum score. The result showed there was a significant effect of the factor of session [[image: image], p = 0.00110]. Post-hoc analysis revealed, among the three concerned active setups, only the a-tDCS session resulted in a significant reduction of the absolute post/pre ratio compared with the control (s-tDCS) session (p = 0.0186). Likewise, we found a significant effect of session in the relative post/pre ratio [[image: image]] and that the relative post/pre ratio in the a-tDCS session was significantly lower than that in the c-tDCS session in post-hoc (p = 0.0031) (Figure 6A).


[image: Figure 6]
FIGURE 6
 Bar plot and box plot of the post/pre ratios in different clinical measures. (A) Left: The bar plot and the box plot representing the absolute post/pre ratio of the UPDRS-III sum score; Right: The box plot representing the relative post/pre ratio of the UPDRS-III sum score. (B) Left: The bar plot and the box plot representing the absolute post/pre ratio of the mFTMTRS sum score; Right: The box plot representing the relative post/pre ratio of the mFTMTRS sum score. (C) Left: The bar plot and the box plot representing the absolute post/pre ratio of the PPT sum score; Right: The box plot representing the relative post/pre ratio of the PPT sum score. In the post-hoc analysis of the absolute post/pre ratio, we considered only the session pairs between the control (s-tDCS) session and the active tDCS (a-tDCS, c-tDCS, and b-tDCS) session. In the post-hoc analysis of the relative post/pre ratios, all session pairs were considered. The significance of post-hoc analysis was indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).


When we only considered the items related to tremor, namely item 20 and item 21 of UPDRS-III (UPDRS-III-tr), a significant reduction of the absolute post/pre ratio was found in the b-tDCS session compared to the control (s-tDCS) session (p < 0.001). There was no significant difference between the a-tDCS session and the control (s-tDCS) session (p = 1.00) and no significant difference between the c-tDCS session and the control (s-tDCS) session (p = 0.606). There was a significant effect of the session factor in the relative post/pre ratio [χ2(3) = 24.3, p < 0.001]. Post-hoc analysis indicated there was a significant decrease in the b-tDCS session compared with the a-tDCS session (p < 0.001) and the c-tDCS session (p = 0.0164), respectively.



3.3.2. mFTMTRS

Considering the sum score of mFTMTRS, there was a significant effect of the factor of session over the absolute post/pre ratio [[image: image]]. Among the three active tDCS sessions, only the b-tDCS session generated a significant difference compared with the control (s-tDCS) session (p < 0.001). With regard to the relative post/pre ratio, a significant increase was found in the b-tDCS session, compared with the a-tDCS session (p < 0.001) and the c-tDCS session (p = 0.0488), respectively (Figure 6B).

In analyzing the sum score of mFTMTRS-MAS, we found a significant effect by the factor of session in the absolute post/pre-ratio [[image: image]] and a significant decrease in the b-tDCS session compared with the control (s-tDCS) session (p < 0.001). The result of the post-hoc analysis over the relative post/pre ratio showed there was a significant decrease in the b-tDCS session compared with the a-tDCS session (p = 0.0035). Similar results were found in the analysis over the sum score of mFTMTRS-LAS. In an attempt to investigate whether there was a difference in the effect of tDCS between MAS and LAS, we computed the difference of the relative post/pre ratio between the mFTMTRS-MAS sum score and the mFTMTRS-LAS. A Friedman test was performed over the computed difference. However, no significant effect of session was found [[image: image]].



3.3.3. PPT

A repeated-measure ANOVA was performed over the absolute post/pre ratio of the PPT sum score, where a significant effect of session was found [F(3,33) = 6.28, p = 0.00323]. The Tukey-Kramer post-hoc analysis showed there was a significant increase respectively in the c-tDCS session (p = 0.00339) and in the b-tDCS session (p < 0.001), compared with the s-tDCS session. The post-hoc analysis over the relative post/pre ratio revealed a significant difference between the c-tDCS session and the a-tDCS session (p = 0.00541), and between the b-tDCS session and the a-tDCS session (p < 0.001), respectively (Figure 6C).

Considering the sum score of PPT-MAS, we found a significant effect of the session factor in the absolute post/pre ratio [[image: image]] and the relative post/pre ratio [[image: image]], respectively. The post hoc analysis over the absolute post/pre ratio showed there was a significant increase in the c-tDCS session (p = 0.0096) and the b-tDCS session (p < 0.001) respectively, compared with the control (s-tDCS) session. A significant increase in the c-tDCS session (p = 0.0048) and in the b-tDCS session (p < 0.001), compared with the a-tDCS session, was found in statistical analysis over the relative post/pre ratio. With regard to the sum score of PPT-LAS, the statistical analysis revealed a result that was similar to that of PPT-MAS. To investigate whether there was a difference between MAS and LAS in the effect of active tDCS setups, a repeated-measure ANOVA was performed over the relative post/pre ratio difference between PPT-MAS and PPT-LAS. However, no significant effect of session was found [F(2,22) = 2.14, p = 0.147].




3.4. Correlation between different measures

To investigate the correlation between different measures, a Spearman correlation analysis was performed over the relative post/pre ratio of the UPDRS-III sum score, the UPDRS-III-tr sum score, the mFTMTRS sum score, the PPT sum score, the RMS value of tremor acceleration and the RMS value of the EMG signal. The result of the Spearman correlation matrix is shown in Figure 7, where a darker background color indicates a higher Spearman correlation coefficient, and vice versa. The highest Spearman coefficient was found between the RMS value of tremor acceleration and the RMS value of EMG signal (ρ = 0.71, p < 0.001), followed by the Spearman coefficient between the PPT sum score and the mFTMTRS sum score (ρ = −0.58, p < 0.001). The UPDRS-III sum score had the lowest correlation coefficients with the other measures. However, the UPDRS-III-tr sum score had a much higher correlation coefficient with the other measures than the UPDRS-III sum score did.


[image: Figure 7]
FIGURE 7
 Correlation matrix of the relative post/pre ratio in different measures.





4. Conclusion and discussion

In the research, we designed a randomized, sham-controlled, double-blind, crossover experiment to investigate the immediate response of Parkinsonian tremor with different tDCS setups. In addition to the control (s-tDCS) setup, there were three active tDCS setups, namely the a-tDCS setup, the c-tDCS setup and the b-tDCS setup, with each corresponding to one of the randomized sessions in the experiment. In each session, our subjects underwent a similar set of evaluation procedure before and after the intervention. The effect of one specific tDCS setup was evaluated by comparing the pre-intervention and post-intervention performance of the subjects. We investigated the effectiveness of a specific active tDCS setup by comparing it with the sham tDCS setup in the absolute post/pre ratio while the difference between different active tDCS setups were evaluated by comparing their relative post/pre ratio where the effect resulted from the sham setup were removed as a baseline.


4.1. Effectiveness of different tDCS setups

The baseline stability assumption was verified by inspecting carefully whether subjects could maintain a constant motor performance with different measures in both the control session and before intervention across different sessions. Consistent with the results of the study by Fregni et al. (2006b), we found only the a-tDCS setup resulted in a significant reduction in the sum score of the UPDRS-III compared with the control (s-tDCS) setup, indicating that only the a-tDCS had a positive effect over the motor function related to Parkinson's disease. However, when we looked into the subscale related to tremor severity (item 20 and item 21 of UPDRS-III), our results showed only the b-tDCS setup resulted in a significant reduction of the sum score and outperformed the other active tDCS setups in suppressing tremor, which was contrary to the result of UPDRS-III sum score. In the mFTMTRS assessment, only the b-tDCS setup brought a significant reduction in the sum score of the mFTMTRS compared with the control (s-tDCS), indicating the b-tDCS setup was effective in suppressing the intensity of tremor. The results of the PPT assessment showed the c-tDCS setup and the b-tDCS setup were both effective in improving hand manipulative dexterity, indicating a potential improvement in the intensity of hand tremor by c-tdCS and b-tDCS. In addition, no significant effect was found in the a-tDCS setup. Differently, a study by Fregni et al. (2006b) showed no significant effect of either a-tDCS or c-tDCS with the measure of PPT. We considered several possible contributing factors: first, the number of subjects [N(a-tDCS) = 9, N(c-tDCS) = 8] in their study was smaller than that in ours (N = 13), which might cause the lack of power in statistics. Second, the current intensity and density transduced through the sponge electrodes in their experiment [I(tDCS) = 1.0mA, J(tDCS) = 0.0286mA/cm2] were smaller than those in our experiment [I(tDCS) = 1.5 mA, J(tDCS)= 0.0355mA/cm2], indicating that our setup might induce stronger effect by reaching the deeper structure of the brain and thus produced a more significant result. In terms of the CTSA, the c-tDCS setup and the b-tDCS setup both resulted in a significant reduction in the intensity of tremor acceleration. In addition, the optimal effect of tremor suppression was obtained under the bilateral setup. For EMG signal, the statistical results showed only the b-tDCS setup among the three concerned active tDCS setups was effective in reducing tremor-related muscle activities, namely, the b-tDCS setup could suppress tremor more effectively than the other tDCS setups. No significant effect of tDCS with regard to tremor frequency and shape was found in either the tremor acceleration or the EMG signal.

Taken together, our results revealed the technique of tDCS was effective in suppressing tremor and that although a-tDCS benefited Parkinson's disease more as revealed by UPDRS-III, the b-tDCS and c-tDCS setup might be more beneficial when targeting the symptom of Parkinsonian tremor solely. Among the three active tDCS setups, the b-tDCS setup outperformed the others in suppressing tremor. Therefore, in treating Parkinsonian tremor, we proposed the use of the c-tDCS or b-tDCS setup, especially the b-tDCS setup, rather than the a-tDCS setup that was widely accepted in tDCS treatment over Parkinson's disease in previous studies. In addition, our research suggested different symptoms of Parkinson's disease might require different tDCS setups to induce an optimal treatment effect.



4.2. Crossover design of the experiment

As reported by previous studies, the effect of tDCS over human bodies may be unstable or even contradictive in similar experimental setups (López-Alonso et al., 2014, 2015). We attributed these discrepancies to the mental factors, such as the placebo effect, which originated mentally from the experiment and affected the performance of subjects physically in return. Under consideration of such factors, our experiment followed a crossover design. The aim was to rule out the subject-specific factors by taking the baseline performance of the subjects into consideration. We assessed the net effect of a specific active tDCS setup by first computing its absolute post/pre ratio and then detracting the individual-specific baseline post/pre ratio of the control (s-tDCS). We assumed that the crossover design increased the reliability of our study. The results of the statistical analysis demonstrated our assumption and that the crossover design was indispensable in exploring the explicit effect of tDCS.

One of the disadvantages resulted from a crossover design was its additional physical and mental burden over subjects. To alleviate the problem, we suggested a long enough time interval of over 48 hours between intervention sessions. The feedback from our subjects showed all subjects tolerated the experiment burden well. Another potential problem resulted from a crossover design was the familiarization effect, with which subjects might perform better in the experiment as time elapsed. The involvement of familiarization effect might lead in type-2 error in our statistics. To check whether the familiarization effect is significant, we re-grouped our data with the factor of stimulation order and performed statistical analysis. Results showed no significant effect of stimulation order in UPDRS-III sum score [[image: image]], mFTMTRS sum score [F(3,33) = 0.835, p = 0.466], PPT sum score [F(3,33) = 2.22, p = 0.131], RMS value of tremor acceleration [F(3,33) = 1.68, p = 0.210] and RMS value of EMG signal [F(3,33) = 1.01, p = 0.387], respectively. Therefore, we concluded the familiarization effect didn't significantly affect our result in our experiment.



4.3. Association between different measures

To assess tremor, three different clinical measures and a self-design evaluation related to continuous tremor signals were utilized in the experiment. Among the four measures utilized in the experiment, the CTSA along with its subsequent analysis was theoretically more objective and less operator-dependent since it required only a series of standardized procedure. It could additionally provide more detailed information in depicting tremor. Based on previous studies, the traditional clinical scales that require a specific physician to score each item with a few levels (such as UPDRS, each item of which has five levels: “Normal,” “Slight,” “Mild,” “Moderate” and “Severe”) may be more operator-dependent and less specific in setting (Palmer et al., 2010). Therefore, in this research, we computed the correlation between the CTSA and the other measures to provide a feedback to evaluate the objectiveness of the other chosen clinical measures. Among the results of the Spearman correlation analysis, the most correlated result was within the CTSA, namely between the RMS value of the tremor acceleration and the RMS value of the EMG signal (ρ = 0.71, p < 0.001). The correlation between the CTSA and the other measures was relatively lower and reached a coefficient of approximately 0.50 with significance, indicating the potential insufficiency of traditional clinical measures in both accuracy and sensitivity while measuring tremor. The correlation coefficient between the three clinical measures reached up to 0.58, which was slightly lower than that within the CTSA. Specifically, between the UPDRS-III sum score and other measures, the correlation coefficient was as low as almost zero, probably because the UPDRS-III considers symptoms more than tremor. Our results suggested that traditional clinical scales might be potentially insufficient in depicting especially the instant response of tremor. The use of less-operator-dependent and more-objective tools, such as CTSA, was more recommended in measuring tremor.



4.4. Mechanism underlying tDCS in suppressing Parkinsonian tremor

As two of the most fundamental electrode setups of tDCS, the anodal setup and the cathodal setup were included in the experimental protocol. In general, the effect of tDCS over primary cortex is polarity-dependent, namely, a-tDCS facilitates while c-tDCS inhibits contralateral motor cortex excitability (Nitsche and Paulus, 2000, 2001). However, based on our findings, tremor was found to decrease more in intensity after the c-tDCS session. We considered two possibilities that might explain this:

First, our result may be directly linked to the excitability alteration of sensorimotor cortex which plays a positive correlative modulatory role in tremorgenesis. The study by Fregni et al. (2006b) reported substantial evidence of c-tDCS in lowering PD subjects' motor cortex excitability with MEP assessment. Thus, the suppressed motor cortex with c-tDCS may result in a lower tremor intensity. In contrast, the facilitating effect of a-tDCS in motor cortex excitability may accordingly lead to an uplift in tremor intensity. However, within our results, no significant increase of tremor was found with a-tDCS. We assumed the intensified components of tremor might be offset by the beneficial effect of the increased dopamine concentration induced by a-tDCS (Fonteneau et al., 2018). Therefore, a-tDCS might exert a beneficial and adverse effect over tremor simultaneously. This was in line with the findings by Fregni et al. (2006b), who found the improvement of tremor after a-tDCS was much less than that in either rigidity or bradykinesia.

Second, the function of c-tDCS might be related to the disruption hypothesis of DBS, where abnormal information flow was disrupted. Although, based on the results of simulated models, the stimuli of tDCS might not reach the depth as DBS did (Dannhauer et al., 2012), tDCS might function by involving in the complex transmitter modulation through the motor cortex to disconnect the basal ganglia-thalamo-cortical loop (Jitkritsadakul et al., 2015). Within our results of the ssRMS sequence, we found after c-tDCS there was no significant change in the maximum ssRMS value of tremor acceleration, regardless of the significant reduction in the average RMS value. This was similar to the effect of DBS in tremor, which could be best described as altering the “on/off” state of tremor, that is, increasing the time of the “on” state while reducing that of the “off” state (Hawley et al., 2014), rather than, reducing tremor intensity directly. Substantial evidence has been reported in, such as, a previous study by Beuter and Titcombe (2003), who found little effect of DBS with low-amplitude resting tremor. In addition, another long-term study showed clearly that DBS increased the “on” state time in the day approximately from originally 25% to 75%, that is, for about 25% of the day, patients remained at the “off” state with DBS. With regard to how c-tDCS affected tremor, a most recent study by Bachtiar et al. (2018) investigated the setup of c-tDCS over the more-affected M1 and found a reduction of GABA concentration in the less-affected M1. A recent study by van Nuland et al. (2020) revealed the GABA concentration was negatively correlated with the tremor severity. Thus, the setup of c-tDCS led to a reduction of tremor severity.

The setup of b-tDCS might have a different mechanism to interact with tremor. Some relevant evidence has been reported: first, with b-tDCS, the cortical currents were found to transduce in a more lateral to medial orientation, compared to the setup of either a-tDCS or c-tDCS, where the currents were transduced in a more dorsal to ventral direction (Wagner et al., 2007). The difference in current flows could lead to the activation in different cerebral structure that contributed to different pathways of tremor suppression. Second, Bachtiar et al. (2018) have reported a reduction of GABA concentration in the more-affected M1 after b-tDCS, which was different from that after c-tDCS where the GABA concentration reduction was found in the contralateral M1. Besides, a study comparing b-tDCS and a-tDCS found an ongoing increase in intracortical functional connectivity only after b-tDCS rather than a-tDCS (Sehm et al., 2013). Another study by Mordillo-Mateos et al. (2012) assessed the cortical excitability using motor-evoked potential and proved b-tDCS could induced a combined effect of a-tDCS and c-tDCS in shifting cortical excitability. A clinical study related to stroke combined with b-tDCS as well as unilateral tDCS showed the effect b-tDCS outperformed that of either a-tDCS or c-tDCS, and proposed b-tDCS for rectifying interhemispheric imbalances in stroke (Mahmoudi et al., 2011). This might also be the case in Parkinsonian tremor, whose onset and progress in general are unilateral and unbalanced. Additionally, according to our results, no bilateral difference (difference between MAS and LAS) of the effect of tDCS was found in terms of FTMTRS and PPT, respectively. Thus, our results in return might reveal an underlying interhemispheric unbalance of cortical excitability induced by Parkinsonian tremor, which could be rectified with tDCS. However, to further prove this, more substantial evidence and research are needed.



4.5. Highlights, limitations and future work

To the best of our knowledge, this is the first randomized, sham-controlled, double-blind, crossover research that compared the immediate effect of different tDCS setups targeting Parkinsonian tremor solely. In addition, this is the first time the bilateral tDCS setup, with the cathode over the more affected M1 and the anode over the contralateral M1, was introduced to the treatment of Parkinson's disease. A self-design assessment termed the CTSA was specifically designed for a more accurate and detailed evaluation of the continuous tremor signals. A few novel features, such as the ULS index and the ssRMS sequence to quantify tremor shape and sub-regional tremor amplitude, and the index of the significance ratio for comparison between session pairs were proposed in the paper. With regard to the limitation of the research, a limited number of subjects participated in the experiment because of the time and effort cost due to the crossover design. More cases of qualified subjects are needed to fully verify the efficiency of different tDCS setups in the future. Another limitation of the experiment is the lack of the involvement of cerebral monitoring techniques, such as electroencephalography (EEG) or functional magnetic resonance imaging (fMRI), which may provide information on cortical excitability alteration and help reveal the mechanism of tDCS better. In the future, we may systematically investigate both the short-term and long-term effect of different bilateral tDCS setups over Parkinson's disease as a continuation of the current research.
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The therapeutic efficacy of mirror visual feedback (MVF) is attributed to the perception of embodiment. This study intends to investigate the instantaneous effect of embodiment on brain connectivity. Twelve healthy subjects were required to clench and open their non-dominant hands and keep the dominant hands still during two experimental sessions. In the first session, the dominant hand was covered and no MVF was applied, named the sham-MVF condition. Random vibrotactile stimulations were applied to the non-dominant hand with MVF in the subsequent session. Subjects were asked to pedal while having embodiment perception during motor tasks. As suggested by previous findings, trials of no vibration and continuous vibration were selected for this study, named the condition of MVF and vt-MVF. EEG signals were recorded and the alterations in brain connectivity were analyzed. The average node degrees of sham-MVF, MVF, and vt-MVF conditions were largely different in the alpha band (9.94, 11.19, and 17.37, respectively). Further analyses showed the MVF and vt-MVF had more nodes with a significantly large degree, which mainly occurred in the central and the visual stream involved regions. Results of network metrics showed a significant increment of local and global efficiency, and a reduction of characteristic path length for the vt-MVF condition in the alpha and beta bands compared to sham-MVF, and in the alpha band compared to MVF. Similar trends were found for MVF condition in the beta band compared to sham-MVF. Moreover, significant leftward asymmetry of global efficiency and rightward asymmetry of characteristic path length was reported in the vt-MVF condition in the beta band. These results indicated a positive impact of embodiment on network connectivity and neural communication efficiency, which reflected the potential mechanisms of MVF for new insight into neural modulation.
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1. Introduction

Mirror visual feedback (MVF) is a non-invasive priming technique that has been widely adopted in neurorehabilitation. Reviews have demonstrated the therapeutic effects of MVF on improving motor recovery and daily living ability after stroke, especially for upper limb function (Rothgangel et al., 2011; Pollock et al., 2014; Thieme et al., 2018). A plain mirror placed the moving non between the upper limbs reflects -affected hand and the reflection produces the embodiment perception of the affected hand, which has effects on the recovery of motor functions after impairments. To present an optimal use in the clinic, lots of studies have investigated the correlated potential neuro-mechanisms of MVF, including activations of widely distributed brain regions, normalization of hemisphere asymmetry, and brain activity modulation (Michielsen et al., 2011a,b; Saleh et al., 2014; Rossiter et al., 2015; Chang et al., 2017). Observed activation of motor cortical regions via EEG and fMRI, such as the primary motor cortex and supplementary motor area (SMA), is one of the direct and instant effects of MVF (Michielsen et al., 2011a; Debnath and Franz, 2016; Ding et al., 2020a). Moreover, increased activities of the postcentral gyrus, frontal-parietal areas, posterior parietal cortex, precuneus, visual cortex, and dorsolateral prefrontal cortex are also observed during MVF (Fink et al., 1999; Matthys et al., 2009; Michielsen et al., 2011b; Arya, 2016; Rizzo et al., 2022), which are responsible for sensorimotor coordination, visuomotor transformation, and visual attention. Regarding the long-term effects of MVF, studies showed facilitating corticospinal outputs and restoring hemispheric balance after MVF intervention (Michielsen et al., 2011a; Lappchen et al., 2012). Brain connectivity is regarded as a primary contributor to brain reorganization, which has been described using graph theory (Caliandro et al., 2017). However, only a few studies investigated the underlying mechanisms of MVF from the perspective of brain connectivity (Hamzei et al., 2012; Rjosk et al., 2017; Saleh et al., 2017; Ding et al., 2019). Hamzei et al. (2012) reported an increased interaction between the premotor region and SMA after MVF training in healthy subjects. Rjosk et al. (2017) investigated the improved performance induced by MVF and concluded that it was the result of enhanced connections between perceptual and motor cortical regions, including the primary sensorimotor cortex, visual cortex, and anterior intraparietal sulcus. Furthermore, a dynamic causal modelling study showed an effective connection between the primary cortex and the contralateral parietal cortex (Saleh et al., 2017), which suggested the MVF-based motor activation was driven by the contralateral parietal cortex. In our previous study, increased network segregations in the visual, somatosensory, and motor areas were observed, which suggested enhanced communication efficiency after MVF intervention in stroke patients (Ding et al., 2019). To the best of our knowledge, rare studies explored the instant effects of MVF on network topology and communication efficiency using EEG for new insight, which outperformed MRI on temporal resolution. Thus, we intended to explore the instantaneous effect of embodiment via MVF on network connectivity and the efficiency of information transmission.

Embodiment is a subjective sense of self, comprising body ownership, location, agency, and deafference (Blanke et al., 2015). Studies presented that the therapeutic efficacy of MVF might be attributed to the perception of embodiment, which could affect the sensorimotor activity and multisensory integration (Michielsen et al., 2011b; Medina et al., 2015; Ding et al., 2019). Our previous studies found multisensory inputs could strengthen embodiment perception during MVF and observed correlative enhanced motor cortical activation in healthy subjects (Ding et al., 2020a,b). Moreover, a slightly higher weighted clustering coefficient and shorter weighted path length were obtained in our prior study when receiving MVF with continuous vibrotactile simulation (Ding et al., 2020a). Therefore, we hypothesized a potential influence of embodiment intensity on network topology, which might contribute to further exploring its effect on brain connectivity changes.

In this study, no MVF, pure MVF, and MVF with vibrotactile stimulation were employed to induce different degrees of embodiment perception and the related instant effects on the EEG-based brain network were investigated. As more in-depth analyses of our previous experiment, we aimed to provide more tentative evidence on the potential mechanisms of MVF for new insight from the brain connectivity perspective and further exploration of neural modulation. Moreover, part of the dataset has been used in our previous study and re-analyzed in this present study (Ding et al., 2020a).



2. Materials and methods


2.1. Subjects

Twelve healthy subjects with an average age of 25 years (four females and eight males) were recruited for the experiment. None of these subjects experienced any MVF experiment before. Prior to the experiment, all subjects were informed, agreed, and signed the consent form approved by the Research Ethics Committee of the University of Waterloo (ORE# 22900).



2.2. Experimental paradigm

In the experiment, an acrylic mirror (40 cm by 50 cm) was suspended on a holder and placed over the chest of a lying subject in a sagittal plane, see Figure 1. Subjects were required to lie down on a bed, clench their fists, and open their hands using their non-dominant hands (two out of the twelve subjects were left-handed) at the pace of 1 Hz on the reflecting side of the mirror, place the dominant hands in a similar position as the non-dominant side and keep static behind the mirror. Moreover, a pedal was set under the non-dominant foot, and subjects were asked to press on the pedal for a very short time as soon as they experienced the sense of embodiment from the dominant side via mirror reflection, such as the feeling that he/she could move the reflection without moving the dominant hand or the reflection was part of his/her body.


[image: image]

FIGURE 1
Experimental setup, (A) The first session, where no mirror visual feedback (MVF) was applied; (B) The second session, where subjects received MVF or MVF combined with vibrotactile stimulation.


This experiment comprised two sessions, which was illustrated in Figure 2. In the first session, subjects performed 30 trials of hand motor tasks (non-dominant hand clenching and opening while dominant hand keeping still) without MVF and vibrotactile stimulation, which was defined as the condition of sham-MVF, see Figure 1A. In the subsequent session, subjects conducted the same hand motor task with MVF while vibrotactile stimulations were applied randomly, see Figure 1B. The vibrotactile stimulation was provided via a liner resonance actuator (type C10–100, Precision Microdrivers Ltd., London, England) at the first interosseous dorsal muscle tendon of the non-dominant hand. In this session, subjects performed 30 trials (as one run) for a total of 180 trials (six runs) and rested between trials. Each run contained 10 trials for each type of vibration that appeared randomly. The sequence of events in each trial for these two sessions was the same as illustrated in our previous study, including a ready phase, motor task phase, and rest phase (see Figure 2). In the previous study, enhanced embodiment was obtained while subjects received MVF combining vibrotactile stimulation (continuous and intermittent), according to the shorter pedal time latency and a higher score on the embodiment questionnaire (Ding et al., 2020a). Moreover, a stronger power desynchronization in the dominant hand area was found in the alpha and beta bands with an enhanced embodiment. However, around the parietal-occipital region, a relatively stronger power desynchronization was observed under MVF and MVF combined with continuous vibrotactile stimulation than the intermittent one in the both frequency bands (Ding et al., 2020a). Thus, trials of no vibration and continuous vibration were selected for the analyses in this study, which were defined as the condition of MVF and vt-MVF, respectively. Moreover, these data have been used in our previous study and re-analyzed in this study for further exploration (Ding et al., 2020a). EEG signals were recorded continuously in the experiment.


[image: image]

FIGURE 2
Experimental paradigm and sequence of events in each trial.




2.3. EEG signal acquisition and preprocessing

A 32-channel wireless EEG recording equipment (g.Nautilus, g.tec, Austria) was used in the experiment. Electrodes were placed at Fp1, Fp2, AF3, AF4, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC4, T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, PO7, PO3, PO4, PO8, and Oz with their arrangements followed the extended 10–20 system. The reference and ground electrodes were placed on the right ear lobe and the forehead, respectively. EEG signals were recorded at a 250 Hz sampling rate and notch filtered the power line noise at 60 Hz. Raw data were cleaned offline using MATLAB (MathWorks, Inc., version 2021a) toolbox EEGLAB (Delorme and Makeig, 2004). First, EEG signals were visually inspected and trials with unexpected experimental artifacts, including large drifts and spikes, were removed. After that, independent component analysis (learning rate: 0.001; max number of interactions: 512; the other settings are in default from EEGLAB) was employed in the remaining trials to remove eye movement and ECG, etc., artifacts.

This study analyzed EEG signals of three conditions, including sham-MVF, MVF, and vt-MVF, in four frequency bands, including theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (low gamma band 30–40 Hz). The 4 s data after the subject pedaled (perceiving embodiment) was analyzed for the condition of MVF and vt-MVF. For the sham-MVF condition, as the subject doesn’t need to respond to their embodiment feeling, to better reflect their brain activity on account of response latency, we empirically choose the middle 4 s (4–8 s after the “Go” cue) data for analysis. Then, all segmented data were filtered into the frequency band of interest using a Hamming windowed sinc FIR filter (pop_eegfiltnew() function in EEGLAB). Note that, after removing noise-contaminated trials, there were an average of 22 trials per subject being remained for analysis of the sham-MVF condition. For the MVF and vt-MVF conditions, only trials with embodiment perception remained, which resulted in an average of 33.1 and 39.2 trials per subject, respectively.



2.4. Construction of functional connectivity networks

A brain network consisted of multiple nodes (EEG electrodes) and edges (connectivity strength between two nodes). In this study, a 32-node brain network was constructed with each node representing one specific electrode. To estimate the functional connectivity of pairwise nodes, the phase lag index (PLI), which measures the asymmetry of the distribution of phase differences between two signals while eliminating volume conduction effects (Stam et al., 2007), was applied. Given two signals x(t) and y(t) from pairwise nodes, together with their Hilbert transform [image: image] and [image: image], the analytical signal zx(t) and zy(t) can be formulated as:
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with
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where PV refers to the Cauchy principal value.

Then, the instantaneous phases Φx(t) and Φy(t) of x(t) and y(t) can be calculated as:

[image: image]
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Finally, we can obtain the PLI value of the pairwise nodes:

[image: image]

where Ns denotes the sample number, Φ(tk) denotes the phase differences between Φx(t) and Φy(t) at tk. Note that the PLI value ranges between 0 and 1 with 0 indicating either no or instantaneous coupling and 1 indicating perfect phase locking (Stam et al., 2007).

After calculating the PLI value of all possible pairwise nodes, a 32 × 32 weighted adjacency matrix was yielded for each trial. In this study, we aimed to analyze brain network differences of different experimental conditions on each frequency band in an individual and grouped fashion. Specifically, the individual functional connectivity matrix of each subject on each frequency band and experimental condition was calculated by averaging the adjacency matrices across all trials, while the grouped functional connectivity matrix was calculated by averaging the individual functional connectivity matrices across subjects.



2.5. Network binarization

A critical step in network construction is to exclude the weak and spurious connections within the graph. In this study, we employed the Cluster-Span Threshold (CST) method for unbiased network binarization (Smith et al., 2015, 2016). CST determines the optimal proportional threshold on the condition that the network topology achieves balance in segregation and integration. Given that triples, formed by two neighboring nodes sharing connections with one common node, play a key role in graph analysis, network integration, and segregation can be represented by clustering (or closed) and spanning (or open) triples, respectively. Therefore, the alternative definition of CST selects the proportional threshold for which the ratio of clustering triples to spanning triples is balanced. This situation happens when the global clustering coefficient (CCglob, see its definition in the next section) of the binarised network equals 0.5.

In this study, we searched the threshold value across the sparsity level from 10 to 100% with an interval of 1%. Sparsity level is defined as the proportion of remaining edges to all possible edges of a network. Due to the discrete nature of a binarized network, we technically took the CST as the proportional threshold at which the CCglob was closest to 0.5.



2.6. Network metrics

Multiple measures can be used to characterize network connectivity, as suggested by the review (Rubinov and Sporns, 2010). Based on grouped functional connectivity matrices, we first computed the degree of each node, which represents the importance of a node within the network, as it is a commonly used measure of centrality. In such a case, we aimed to investigate the distribution difference of functional connectivity between experimental conditions on different brain regions. Furthermore, we investigated the network segregation and integration differences between experimental conditions via individual functional connectivity matrices. Here, the clustering coefficient (CC) and local efficiency (LE) were adopted as segregation measures, and the characteristic path length (CPL) and global efficiency (GE) were adopted as integration measures. All these network metrics were calculated based on the brain connectivity toolbox (BCT),1 and their mathematical definition sees follows.

Assume that a network has n nodes, and all nodes form a set N. Moreover, the connection status between node i and j is denoted as aij (aij =1 if a link exists between i and j, otherwise, aij =0), the shortest path length between node i and j is denoted as dij, and the length of the shortest path between node j and h that contains only the neighbors of node i is denoted as djh(Ni). Then, the degree of a given node i can be obtained as the number of connected links:

[image: image]

The larger the node degree is, the more important this node is within the network. Besides, CC, LE, CPL, and GE of the network are formulated as:
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[image: image]

[image: image]

[image: image]

whereCCnode,i represent the clustering coefficient of node i. The upper mentioned CCglob is defined as the summation of CCnode. Note that to avoid infinite value caused by disconnected pairs of nodes, in this study, CPL is defined as the harmonic mean of the shortest path length as recommended by Newman (2003), which is also the reciprocal of GE. Moreover, as hubs are vital components for network efficient communication and reliance (Hosseini et al., 2012), we consider a node as a hub if its degree is one standard deviation higher than the mean network degree (Bernhardt et al., 2011).



2.7. Hemispheric asymmetry analysis

Although many studies reported the ability of MVF on balancing hemisphere asymmetry and modulating hemispheric activation (Rossiter et al., 2015; Bartur et al., 2018; Rohafza et al., 2019; Zhang and Fong, 2019), its effect on shifting network metrics is rarely reported. Thus, as an additional measure, the hemispheric asymmetry in metrics was analyzed for future study. The hemispheric asymmetry of connectivity patterns was analyzed via the laterality index (LI) (Hassanin et al., 2021). In this study, the LI value is defined as follows:

[image: image]

where NMr and NMl indicate the network metrics of the right and left sub-network, respectively. To be specific, two groups of channels (i.e., right group: FP2, AF4, F8, F4, FC6, FC2, T8, C4, CP6, CP2, P8, P4, PO8, PO4; left group: FP1, AF3, F7, F3, FC5, FC1, T7, C3, CP5, CP1, P7, P3, PO7, PO3) were selected out of the overall recording channels. Then, the sub-network corresponding to each group was constructed and used for the regional clustering coefficient, characteristic path length, local efficiency, and global efficiency estimations. The LI value was finally computed based on these regional network metrics. In the study, the LI values ranged from −1 to 1, with negative values indicating the left hemisphere (representing the dominant hand) and vice versa.



2.8. Statistical analysis

We performed one-way repeated measures analysis of variance (ANOVA) to test the effects of experimental conditions on segregation and integration measures. The conditions of sham-MVF, MVF, and vt-MVF were the three levels of the single factor. Post-hoc multiple comparisons were conducted with Bonferroni correction. Besides, paired t-test was used to test the significant node degree difference between different experimental conditions, as well as the LI value difference between the left and right brain regions on each experimental condition. Note that the normality of parameter distribution was first determined by Shapiro-Wilk’s test, and the homogeneity of parameter variance was checked by Bartlett’s test. All tests had a significance level of 0.05. The script used for statistical analysis was developed based on built-in functions in MATLAB.




3. Results


3.1. Scalp network topology

The scalp network topology of the sham-MVF, MVF, and vt-MVF experimental conditions after CST binarization was shown in Figure 3. Besides, the binarization threshold of node degree was also presented in Table 1. As can be seen, MVF and vt-MVF conditions enjoyed more prominent connectivity compared to the sham-MVF condition in the alpha and gamma bands. Specifically, the connectivity was largely different in the alpha band, where the average node degrees of the sham-MVF, MVF, and vt-MVF conditions were 9.94, 11.19, and 17.37, respectively. Moreover, only the MVF condition showed more dense connectivity compared to the sham-MVF in the beta band. In the theta band, the sham-MVF condition had more dense connectivity compared to MVF and vt-MVF conditions. To be specific, the average node degree of the sham-MVF condition was 14.87, which outperformed that of the conditions of MVF (9.31) and vt-MVF (9.62). Moreover, the network hubs were distributed differently under the three experimental conditions in each frequency band without distinct patterns in the meantime.


[image: image]

FIGURE 3
Scalp network topology of the sham-mirror visual feedback (MVF), MVF, and vt-MVF experimental condition in theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (30–40 Hz) frequency band. The bigger dot on each node (electrode location) indicates the larger node degree within this network. Note that the hubs are marked in red.



TABLE 1    Binarization threshold of brain networks in different frequency bands and the corresponding node degree.

[image: Table 1]

To further explore the topological differences within the three experimental conditions, the node degree differences between different pairs of conditions were statistically investigated. As shown in Figure 4A, the sham-MVF condition had more nodes with a significantly larger degree than the MVF condition in the theta band on the middle brain regions (Frontal, Central, Central-Parietal, Parietal, and Parietal-Occipital regions), while in the alpha and the beta bands, the number of nodes with a significantly larger degree of the MVF condition increased (mainly distributed around Frontal, Central, Central-Parietal regions). Regarding the comparison between conditions of vt-MVF and sham-MVF (see Figure 4B), the vt-MVF condition had almost all nodes with a significantly larger degree in the alpha and the beta bands, which mainly located in the left Frontal-Central, left Central, Central-Parietal, Parietal, and Parietal-Occipital regions. However, in the theta band, the nodes with a significantly larger degree were shown in the condition of sham-MVF and mainly located in the left Central-Parietal, left Parietal, and right Parietal-Occipital regions. As demonstrated in Figure 4C, the vt-MVF condition had more nodes with a significantly larger degree compared to the MVF condition in the theta, alpha, and beta bands, especially in the alpha band and located in the left Frontal-Central, left Central, left Central-Parietal, left Parietal-Occipital regions. Furthermore, a few nodes with statistical differences were obtained via the comparison among three experimental conditions in the gamma band in this study.


[image: image]

FIGURE 4
Scalp topological differences between (A) mirror visual feedback (MVF) and sham-MVF, (B) vt-MVF and sham-MVF, and (C) vt-MVF and MVF experimental conditions in different frequency bands (from left to right in each row corresponding to theta, alpha, beta, and gamma frequency band, respectively). Taking the condition pair MVF vs. sham-MVF as an example, the node marked with a red square denoted that the node degree of MVF on this location was significantly larger (p < 0.05) than that of sham-MVF, while the node marked with a blue circle denoted the opposite case.




3.2. Alteration of network metrics

One-way repeated measures ANOVA demonstrated significant interactions of experimental conditions on CPL in the theta [F(2, 22) = 4.4592, p = 0.0237], alpha [F(2, 22) = 5.8564, p = 0.0055], and beta [F(2, 22) = 5.9490, p = 0.0086] bands, LE in the alpha [F(2, 22) = 6.6530, p = 0.0021] and beta [F(2, 22) = 8.0101, p = 0.0024] bands, GE in the theta [F(2, 22) = 4.4727, p = 0.0234], alpha [F(2, 22) = 6.7632, p = 0.0051], and beta [F(2, 22) = 6.4428, p = 0.0063] bands, respectively.

The results of post-hoc multiple comparisons were shown in Figure 5. According to Figures 5B, D, the vt-MVF condition showed significant increments of LE and GE, and significant reductions of CPL in the alpha band, compared to both the sham-MVF and MVF condition, which indicated an enhanced functional integration and segregation via the combination of vibrotactile stimulation. In the beta band, there were a significant reduction of CPL and an increment of LE and GE of the vt-MVF condition compared to that of the sham-MVF condition. Moreover, a similar trend could be found when comparing the MVF to the sham-MVF condition in the beta band, although without significant differences.


[image: image]

FIGURE 5
Network metrics, including (A) clustering coefficient, (B) characteristic path length, (C) local efficiency, and (D) global efficiency, of the three experimental conditions in different frequency bands. The central line in these boxplots indicates the median and the cross markers are the outliers. The asterisk indicates a significant difference between the two conditions (*0.01 < p < 0.05, **0.001 < p < 0.01, ***p < 0.001).




3.3. Hemispheric asymmetry

Table 2 showed the LI of the CC, CPL, LE, and GE under sham-MVF, MVF, and vt-MVF experimental conditions in different frequency bands. A significant leftward asymmetry of GE and rightward asymmetry of CPL were obtained in the condition of vt-MVF in the beta band, which indicated the improved general efficiency of brain neural communication in the left hemisphere (dominant hand). Besides, CC in the gamma band revealed a significant rightward asymmetry in the condition of vt-MVF, which suggested increased segregation of the right hemisphere. Moreover, a leftward asymmetry of LE in the gamma band was shown in the condition of sham-MVF.


TABLE 2    Laterality index (mean ± standard deviation) of the sham-MVF, MVF, and vt-MVF experimental conditions in different frequency bands.

[image: Table 2]




4. Discussion

This study reveals a positive impact of the perception of embodiment on network connectivity and neural communication efficiency in healthy subjects. Moreover, the present study also provides tentative evidence that a stronger perception of embodiment induced via the combination of mirror visual and vibrotactile stimulus could enhance neural communication efficiency and generate a shift in global brain network efficiency toward the hemisphere of the dominant hand.

The present study explored the instantaneous effect of embodiment perception on the alteration of neural connectivity. Previous studies indicated that visual inputs induced mirror illusion combined with vibrotactile stimulation evoked kinesthesia illusion could promote embodiment perception via multisensory integration and presented an enhancement of embodiment with upgrading activation of the motor region (Wittkopf et al., 2017; Ding et al., 2020a,b). As suggested by the average node degree, dense network connectivity was observed in subjects while perceiving embodiment, and large differences in network connectivity were demonstrated among conditions. This observation indicates the centrality of embodiment perception in the EEG-based network and suggested a tendency of more obvious centrality of strengthening embodiment while receiving the combination of MVF and vibrotactile stimulation. Moreover, subsequent observations of node degrees showed centralities of the embodiment perception mainly in the left central area in the alpha and the beta bands. Similar to our observation, studies reported the activation of the motor cortex during MVF, when subjects had mirror illusion/embodiment (Lee et al., 2015; Ding et al., 2020a). Centralities in the left frontal, bilateral occipital-parietal, and bilateral temporal areas were also obtained in the condition of MVF and vt-MVF in our study. This finding is in line with our previous observations and provides tentative evidence for the instant effects of embodiment on mediating the information transmission in the visual stream (Goodale and Milner, 1992; Ding et al., 2019). The ventral-dorsal visual streams comprised the temporal, parietal, and visual cortex, which play an important role in the perceptual identification of objects and sensorimotor transformations (Goodale and Milner, 1992). In addition, this study demonstrates a trend of prominent centralities in visual stream areas from the beta band to the alpha band while embodiment perception is enhanced via the combination of vibrotactile stimulation. Thus, we inferred a positive relationship between embodiment perception and network topology, especially in the visual stream-involved regions.

An efficient network would contribute to the enhancement of human brain functions, which relied on suitable properties of the network (Bassett et al., 2006; Laney et al., 2015). A network with a high clustering coefficient (segregation) and short characteristic path length (integration) was regarded as an optimal network, where the efficiency of local and/or global information communication and processing was facilitated (Bassett et al., 2006). Previous studies reported enhanced neural communication after the intervention of MVF, which indicated the long-term effects of embodiment (Hamzei et al., 2012; Saleh et al., 2014; Ding et al., 2019). In the present study, increased global and local neural communication efficiencies were obtained in the condition of vt-MVF as an instant effect of enhanced embodiment, compared to the other two conditions. To our knowledge, our study is the first to demonstrate the prominent segregation and integration of brain networks in healthy subjects during motor tasks while receiving MVF with vibrotactile stimuli. However, significant alterations of neural communications were only observed in the vt-MVF condition. Our previous study supported that the combination of MVF and vibrotactile stimuli could strengthen the embodiment perception and activate motor regions in both alpha and beta bands (Ding et al., 2020a). Thus, we speculated that the enhanced embodiment via multi-sensory integration might have more prominent instant effects on neural communication in healthy subjects. In addition, this study also reported that the enhanced embodiment could generate a shift in global neural communication efficiency toward the dominant side, which might contribute to the practice of the vt-MVF in the clinic for hemiplegic paralysis rehabilitation. Although no significant alterations were found in the condition of MVF, a similar trend was still demonstrated in the beta band when compared to the sham-MVF. One possible interpretation might be the alpha oscillations were the dominant rhythm during wakeful relaxation with closed eyes (Lindgren et al., 1999), while the beta oscillations were more involved in active tasks, including cognitive tasks (Jin et al., 2012). In our study, subjects were required to watch the reflection of their non-dominant hand and feel as if his/her dominant hand was moving with the image in the mirror. Thus, the beta band would be more sensitive and predominant. The MVF-induced embodiment might have a long-term effect on shifting brain function toward an efficient pattern, but it might be difficult or insufficient to observe its instant effect in our study. This might be another potential reason.

It should be noted that opposite results were shown in the theta band, where larger connections and enhanced global brain neural communication efficiency were revealed in healthy subjects without MVF stimulation. Theta rhythm appears during a relaxed brain state and is involved in inward-focused concentration (Shenefelt, 2018), which might be one possible reason. Moreover, motor imagery showed increased theta synchronization, which reflected an increased effort, and reduction of visuospatial attention (Lubbe et al., 2021). Thus, the major involvement of motor imagery in the condition of sham-MVF might contribute to the results. Further studies were necessary to investigate these factors.



5. Limitation

As an in-depth analysis of our previous experiment, this study suggested potential mechanisms of MVF from the perspective of brain connectivity. Although this was a pilot study, the small sample size still hindered the power of statistical analyses. Second, it might provide more suggestions and directions for the clinic, if the subjects were elderly healthy people or stroke patients. Third, it would be better to use individualized frequency bands, which might eliminate the impact of interindividual differences in EEG frequencies. Furthermore, the data were collected by a 32-channel wireless EEG cap, which might limit further exploration of sub-network alterations.



6. Conclusion

This study explored the instant effects of MVF on brain connectivity for new insight, which revealed the capacity of embodiment perception to strengthen network connectivity and facilitate neural communication efficiency in healthy subjects. Moreover, this study also provided tentative evidence that a stronger embodiment sense induced via the combination of mirror visual and vibrotactile stimulus could enhance neural communication efficiency and generate a shift toward the hemisphere of the dominant hand. These findings might contribute to the investigation of the therapeutic effect of MVF and the development of a new rehabilitation strategy.
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Introduction: Intermittent theta burst stimulation (iTBS), a novel mode of transcranial magnetic stimulation (TMS), has curative effects on patients with post-stroke cognitive impairment (PSCI). However, whether iTBS will be more applicable in clinical use than conventional high-frequency repetitive transcranial magnetic stimulation (rTMS) is unknown. Our study aims to compare the difference in effect between iTBS and rTMS in treating PSCI based on a randomized controlled trial, as well as to determine its safety and tolerability, and to further explore the underlying neural mechanism.

Methods: The study protocol is designed as a single-center, double-blind, randomized controlled trial. Forty patients with PSCI will be randomly assigned to two different TMS groups, one with iTBS and the other with 5 Hz rTMS. Neuropsychological evaluation, activities of daily living, and resting electroencephalography will be conducted before treatment, immediately post-treatment, and 1 month after iTBS/rTMS stimulation. The primary outcome is the change in the Montreal Cognitive Assessment Beijing Version (MoCA-BJ) score from baseline to the end of the intervention (D11). The secondary outcomes comprise changes in resting electroencephalogram (EEG) indexes from baseline to the end of the intervention (D11) as well as the Auditory Verbal Learning Test, the symbol digit modality test, the Digital Span Test findings, and the MoCA-BJ scores from baseline to endpoint (W6).

Discussion: In this study, the effects of iTBS and rTMS will be evaluated using cognitive function scales in patients with PSCI as well as data from resting EEG, which allows for an in-depth exploration of underlying neural oscillations. In the future, these results may contribute to the application of iTBS for cognitive rehabilitation of patients with PSCI.
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1. Introduction

Post-stroke cognitive impairment (PSCI), one of the most common complications of stroke (Zlokovic et al., 2020), refers to a variety of symptoms ranging from mild cognitive impairment to dementia. Approximately 20–70% of stroke survivors suffer cognitive impairment within 6 months of stroke (Liao et al., 2021; Merriman et al., 2021). Due to impaired attention, memory, language, and visuospatial functions, PSCI impedes recovery from stroke-related sequelae, including sensory impairment, motor dysfunction, and limitations in daily activities (Viktorisson et al., 2021). Currently, evidence-based treatment guidelines for PSCI are lacking, due to the limited pharmacological (donepezil, galantamine, and memantine) and non-pharmacological therapies (cognitive training and physical interventions) (Mijajloviæ et al., 2017). Hence, the identification of optimal and effective treatment is crucial. Recent studies have shown that neuromodulation techniques help improve cognitive impairment through neuroplasticity (Paolucci et al., 1996; Cicerone et al., 2011; Paolucci, 2013; Di Lazzaro et al., 2021), similar to repetitive transcranial magnetic stimulation (rTMS), which has been proven by several meta-analyses to have promising and positive effects (Lefaucheur et al., 2014, 2020; Hara et al., 2021; Liu et al., 2021; Zhang et al., 2021). Intermittent Theta Burst Stimulation (iTBS) is a novel neuromodulation technique with a unique advantage in treatment time compared to rTMS (Huang et al., 2005) and a reported better facilitation effect on modulating cortical excitability in brain regions (Blumberger et al., 2018; Kaster et al., 2019; Si et al., 2019). ITBS is effective and safe for treating depression, autism, and Parkinson’s disease in patients with mild cognitive impairment (Trung et al., 2019). However, evidence for iTBS treatment for patients with PSCI is limited. Some studies on PSCI have demonstrated that iTBS can improve patients’ overall cognitive function (Tsai et al., 2020; Li et al., 2022), specifically memory function (Tsai et al., 2020). However, the therapeutic mechanism of iTBS remains unclear, in the absence of sufficient neuroimaging assessments and long-term follow-up (Tsai et al., 2020; Li et al., 2022). In addition, there is inadequate evidence to suggest that iTBS is equally or more effective than traditional rTMS in terms of the treatment outcome. Therefore, we are conducting a randomized, double-blind controlled trial using neurobehavioral assessments combined with a neurobehavioral method, electroencephalogram (EEG), to compare the difference in effect between iTBS and rTMS in treating PSCI, as well as to explore neuroelectrophysiological changes. We hope to provide a theoretical basis for PSCI treatment. The protocol for this trial has been prepared according to the recommendations for interventional trials (SPIRIT) 2013 guidelines (Chan et al., 2013).



2. Methods and analysis


2.1. Patients


2.1.1. Study setting

This study will be conducted at Zhujiang Hospital, Southern Medical University (Guangzhou, China). Forty inpatients with PSCI in the rehabilitation medicine ward will be included between October 2022 and December 2023.



2.1.2. Eligibility criteria

Researchers will screen patients based on the inclusion and exclusion criteria. Once participants are confirmed as eligible, they will sign an informed consent form. To maintain safety criteria, we will not enroll patients who are intolerant to TMS. Women who are pregnant, breastfeeding, or intend to have children in the near future will not be eligible for enrolment. In addition, we will not enroll patients who have participated in other clinical trials or have a history of epilepsy. If a patient who has had TMS treatment has not received TMS treatment in more than 3 months, we may consider enrolling them. Finally, by conducting a preliminary exploratory study to compare clinical efficacy between rTMS and iTBS therapy on patients with PSCI, we aim to analyze data within and between the two hemispheres (the healthy and the affected sides) for the dynamic changes of oscillations to mine additional information. In light of the above statistical analysis, we decide to exclude patients with bilateral lesions from this study.


2.1.2.1. Inclusion criteria

• Age 18 to 80 years;

• Stroke patients meeting the diagnostic criteria established at the Fourth National Cerebrovascular Disease Academic Conference in 1995;

• Imaging evidence of stroke confirmed by computed tomography (CT) or magnetic resonance imaging (MRI);

• Montreal Cognitive Assessment Scale (MoCA) score ≤24;

• Cognitive impairment should occur within 12 months of the vascular event and last for at least 3 months;

• First-ever stroke;

• Right-handed;

• Normal cognitive function before stroke;

• No severe aphasia (screened by the Chinese Aphasia Battery) and capable of completing cognitive tests;

• Stable vital signs;

• Voluntary participation and signed informed consent (signed by the patient or another authorized representative).



2.1.2.2. Exclusion criteria

• Complete damage to the left prefrontal cortex confirmed by CT/MRI;

• Bilateral brain lesions;

• Defect of the skull;

• Use of antidepressants or psychostimulants;

• Metal or cardiac pacemaker implants near the treatment site;

• Previous brain disorders such as brain tumors, brain trauma, and seizures;

• History of malignant trauma;

• Unstable vital signs or failure of vital organs;

• Any neuropsychiatric comorbidity or affective disorder that could affect the test results;

• Patients with dementia (Clinical Dementia Rating grade ≥0.5) who are unable to cooperate with the cognitive assessment and intervention described below.




2.1.3. Participant timeline

The study will begin by screening the participants for eligibility. Once the patient’s eligibility has been confirmed, an informed consent form will be signed, and the patient will be randomly assigned to one of the two treatment groups. Clinical assessment and resting EEG measurements will be performed at baseline (D0), after 10 TMS treatments (D11), and at the 6-week follow-up (W6). It is possible that some participants will not be able to attend our hospital for their evaluation at W6. Therefore, we will present two situations. Participants who can return to the hospital will have their EEG data collected at W6, while those who are unable to return to the hospital will be evaluated door-to-door. A record will be made if a patient leaves the trial, is excluded, or withdraws at any point, along with the reasons. The visit schedule and study flowchart are presented in Table 1 and Figure 1.


TABLE 1    Trial schedule.

[image: Table 1]


[image: image]

FIGURE 1
Design and flow of participants through the study.




2.1.4. Sample size

This will be an exploratory study. The required sample size for this study was estimated using GPower software (version 3.1.9.7) (Faul et al., 2007). Repeated measures analysis of variance (ANOVA) will be used for statistical analysis, with group and time as affecting factors. Accordingly, the F-test (repeated-measures ANOVA, between factors) was chosen, with a power of 85%, an alpha value of 0.05, and an effect size of 0.25 (Cunningham and Mccrum-Gardner, 2007). The predicted minimum sample size was 32 (two groups) considering a 20% loss to follow-up. Therefore, we set the sample size at 40 patients in total, with 20 patients in each group.



2.1.5. Recruitment

Forty inpatients with PSCI at Zhujiang Hospital, Southern Medical University will be recruited. The participants will be screened by a dedicated individual for those who meet the inclusion and exclusion criteria and are willing to receive TMS treatment. The participants will receive information in both written and verbal formats about the purpose and procedures of the study once their verbal consent has been confirmed. In this study, no biological specimens will be collected for storage, and no severe adverse effects on the participants are expected (Lefaucheur et al., 2020). The study will begin with a baseline assessment followed by random allocation after written informed consent is obtained from the participants.



2.1.6. Randomization and blinding

Using a random number sequence generated using SPSS 25.0 software, all eligible patients will be randomly assigned to one of two treatment groups. The allocation and detailed TMS protocol will be known only to the two doctors who will perform TMS stimulation but will be blinded to the patients and other members of the study staff (such as outcome assessors or data analysts). Doctors performing TMS interventions will not be involved in any other aspect of the study, such as patient recruitment, randomization, allocation, outcome assessment, or data analysis.




2.2. Interventions

Transcranial magnetic stimulation treatments will be delivered by a magnetic simulator (Magneuro100, VISHEE Medical Technology Co., LTD, Nanjing, China) with a figure-8 coil. Each patient will receive TMS stimulation in the afternoon for 10 consecutive days. The left DLPFC (F3) will be the target site to stimulate the left prefrontal cortex according to the international 10/20 EEG recording system (Kim et al., 2010). The intensity will be set at 80% of the resting motor threshold in both the rTMS and iTBS groups (Shajahan et al., 2002; Kim et al., 2010).


2.2.1. rTMS protocol

The 5 Hz rTMS parameters include 2-s trains (10 pulses) at an intertrain interval of 8 s, repeated every 10 s for a total of 10 min and 600 pulses.



2.2.2. iTBS protocol

The iTBS parameters include three continuous pulses at 50 Hz, repeated at 5 Hz (2 s on, 8 s off) for a total of 192 s and 600 pulses. After the stimulation is completed, the direction of the coil is turned 90°, and a sham stimulation lasting 408 s is conducted in order to ensure the consistency of treatment time such that all patients are blinded to the experimental protocol.



2.2.3. RMT

The resting motor threshold (RMT) refers to the minimum stimulus intensity that can evoke a response at least 50% of the time in a given number of trials (usually 10 trials). The patients will be asked to relax with their eyes open. During the recording process, the coils will be systematically moved (mapped) over the primary motor cortex until the maximal consistent response of the contralateral first dorsal interosseous muscle is detected. The RMT between the first dorsal interosseous bone and the minimum intensity is defined as the ability to elicit motor-evoked potentials of at least 50 mV in 5 out of 10 consecutive treatments (Rossini et al., 2015).



2.2.4. Routine medical care

Medical care based on the disease of each patient is permitted.



2.2.5. Discontinuation criteria

Patients with worsening symptoms, such as recurrent stroke, decreased muscle strength, or persistent unexplained infections.

Patients who wish to discontinue participation.

Patients who are unable to complete the treatment sessions.

Patients who are unable to participate in the baseline assessment.




2.3. Outcomes

Our primary outcome will be the Montreal Cognitive Assessment Beijing Version (MoCA-BJ) score from baseline to the end of the intervention (D11). Secondary outcomes will be resting EEG indexes, the Auditory Verbal Learning Test (AVLT), the symbol digit modality test (SDMT), the Digital Span Test (DST), and adverse events. Indexes of resting EEG include the absolute power and relative power of neural oscillations. Other outcomes include the Hamilton Depression Scale (HAMD) and Activities of Daily Living (ADL). All clinical assessments will be performed thrice: pre-treatment (baseline), post-last treatment, and at the 1-month follow-up. An experienced physician will conduct all cognitive assessments throughout the study and will be blinded to the participants’ group assignment and trial phases. The resting EEG will be conducted at baseline and at the end of TMS treatment.


2.3.1. MoCA-BJ

The MoCA-BJ is a Chinese version of the Montreal Cognitive Assessment that is highly sensitive and specific for screening cognitive impairment in stroke patients (Nasreddine et al., 2005; Yu et al., 2012).



2.3.2. Resting EEG measurements

A resting EEG is a graphical representation of the spontaneous electrical activity of a population of brain cells. It is obtained by magnifying and recording spontaneous biopotentials of the brain from the scalp using sophisticated electronic equipment (Höller and Nardone, 2021). EEG signals will be recorded using an EEG cap equipped with 64 Ag/AgCl electrodes, arranged according to the Extended International 10–20 electrode placement system (Tamburro et al., 2020). A 5-min EEG recording will be conducted with participants seated comfortably in a sound-insulated, dimly lit room with their eyes closed. All channels will be referenced online to the bilateral mastoid and amplified using an amplifier (Compumedics Neuroscan, Neuroscan 8050). Data will be sampled at 2,048 Hz, with impedances kept below 10 kΩ for all channels throughout data collection.

The acquired EEG signals will be analyzed offline using MATLAB2013b. Given previous evidence that oscillatory dynamics are affected by rTMS (Thut et al., 2011; Veniero et al., 2011; Chota et al., 2021) and are closely related to cognitive improvement (Klimesch et al., 1993; Richard Clark et al., 2004; Iliopoulos et al., 2020), we will analyze the power spectrum and functional connectivity of each oscillation within and between hemispheres, between groups, and pre- and post-treatment. Oscillation ratios, such as θ/α ratio, θ/γ ratio, and (α + β)/(θ + δ) ratio will be further analyzed (Coben et al., 1985; Moretti et al., 2013; Sato et al., 2022).



2.3.3. AVLT

In the neuropsychology literature, AVLT is frequently used to assess memory. The test measures immediate and delayed free recall, retroactive and proactive interference, and recognition through verbal learning (Hawkins et al., 2004).



2.3.4. SDMT

Several cognitive operations require the evaluation of information processing speed, which can be achieved through SDMT (Silva et al., 2018).



2.3.5. DST

The scale can be divided into digit span forward (DSF) and digit span backward (DSB), each of which consists of two sets of 2-digit to 10-digit tables. The total score of the DSF and DSB indicates the participant’s attentional functioning, with a higher score indicating better function (Jahanshahi et al., 2008).



2.3.6. HAMD

Hamilton Depression Scale has been widely used in psychopharmacological and clinical research since the 1960s (Hamilton, 1967).



2.3.7. ADL

The modified Barthel Index (MBI) is used to assess an individual’s ability to perform basic activities of daily living (Mahoney and Barthel, 1965; Shah et al., 1989). In this study, a Chinese version of the MBI that includes ten items (personal hygiene, bathing, feeding, toileting, stair climbing, dressing, bowel control, bladder control, walking or wheelchair transfers, and chair-bed transfers) will be used (Leung et al., 2007). Total independence is indicated by a score of 100.



2.3.8. Adverse events

During the treatment period and within 1 h following each treatment, adverse events, such as headaches, scalp sensations or nociception, temporal and neck muscle pain, and seizures will be recorded.




2.4. Statistical analyses

In the case of quantitative data, we will calculate the mean, standard deviation, and confidence interval as well as the minimum, maximum, P25, P50, and P75, as needed. For count data, we will calculate the frequency distributions and corresponding percentages. For rank data, we will provide frequency distributions and percentages, as well as median and mean rankings. Qualitative data will be presented as the positive rate, positive number, and denominator number of cases. Data from MoCA-BJ, AVLT, SDMT, DST, HAMA, and ADL will be analyzed by repeated-measures ANOVA using SPSS software (version 25.0; IBM, Armonk, NY, USA). Repeated-measures ANOVA will be used to analyze the differences between time points and groups. The acquired EEG signals will be analyzed offline using MATLAB2013b. The EEGLAB toolbox (version 13.0.0b) will be used for EEG data preprocessing (Delorme and Makeig, 2004), followed by interest channel selection based on the average level of the two groups and the relative spectral energy extracted from each frequency band. Finally, we will use repeated-measures ANOVA to compare the differences between groups and the relative spectral energy at different times. Statistical significance will be set at P < 0.05.




3. Discussion

Transcranial magnetic stimulation modulates brain function through neural changes induced by magnetic pulses. Using pulsed magnetic fields, TMS regulates the action potentials of nerve cells by inducing current in the central nervous system. This approach can affect the metabolic and neurophysiological activities of the brain. In recent decades, TMS has been widely used to treat cognitive impairment caused by various neurological, psychiatric, and psychological disorders, including stroke, Alzheimer’s disease, Parkinson’s disease, and schizophrenia. While iTBS, a new model of TMS, has been proven to be effective in Parkinson’s disease with cognitive impairment, its use in patients with PSCI is unclear. Several studies have shown that rTMS is a safe and effective method for improving cognitive function (Chou et al., 2020; Jiang et al., 2020; Alyagon et al., 2021). Regarding neurophysiology, iTBS may have equal or greater excitatory effects than conventional TMS (Di Lazzaro et al., 2011; Bakker et al., 2015). However, previous evidence indicates that conventional high-frequency TMS facilitates neurogenesis in the motor cortex more effectively than iTBS in a rat model (Luo et al., 2017). Another study that applied rTMS to healthy individuals found that rTMS produced a greater response than iTBS (Curtin et al., 2017). In patients with PSCI, there is no consensus regarding whether conventional rTMS or iTBS is more effective.

To assess the effect of the treatment, neurobehavioral scales are often used in studies of PSCI (Tsai et al., 2020). However, scale results are sometimes, to some extent, subjective because of the evaluator’s judgment and the state of the patient (Tsai et al., 2020). Therefore, objective means of assessment are urgently needed. EEG is gaining increasing attention because it is a special and complex bioelectrical signal reflecting the functional state of the brain, with the advantages of high temporal resolution, non-invasiveness, and low cost. A direct effect of rTMS treatment on brain function is altered nerve oscillation, which can have a therapeutic effect by resetting the oscillations of the thalamus and cortex (Thut et al., 2011; Veniero et al., 2011; Chota et al., 2021). Rhythmic patterns of neural oscillations are believed to play a functional role in local processing and communication among neuronal systems (Fries, 2005; Thut et al., 2012). Different regions of the human cortex tend to oscillate at different frequencies. Thus, it is possible to study neural oscillation activity in more detail. Most cognitive processes are associated with a frequency band in the delta, theta, alpha, beta, or gamma range. Several researchers have suggested, based on high-quality correlative EEG data, that brain oscillations are involved in a variety of sensory and cognitive processes (Klimesch, 1999; Lu et al., 2022). However, a causal relationship can only be demonstrated by directly modulating the oscillatory signals. EEG is an effective and dependable tool for detecting neural oscillations in the brain. Thus, this study may be able to investigate the specific relationship between neural oscillations and TMS facilitative effects on cognitive function in more detail.

In conclusion, the goal of this study will be to compare effect differences among various TMS protocols (iTBS and conventional rTMS) on PSCI and analyze whether iTBS is non-inferior or superior to conventional rTMS treatment. Given that iTBS has a shorter treatment time, it is more convenient to use if its therapeutic effect is not inferior to that of rTMS. Thus, iTBS might prove more advantageous and convenient than the classic rTMS for outpatients. Furthermore, we hope to explore the neural activity changes underlying iTBS/rTMS intervention in PSCI and thus, provide a theoretical foundation for clinical applications.

This study has some limitations. It will be a single-center trial with a comparatively small sample size, due to recruitment difficulties associated with the management of coronavirus disease 2019. In addition, the heterogeneity of oral medication in patients with PSCI may also pose potential problems in measuring cortical excitability and therapeutic response (Cantone et al., 2020). Future multi-center studies should be conducted to mitigate these limitations.
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Objectives: The shoulder-hand syndrome (SHS) severely impedes the function recovery process of patients after stroke. It is incapable to identify the factors at high risk for its occurrence, and there is no effective treatment. This study intends to apply the random forest (RF) algorithm in ensemble learning to establish a predictive model for the occurrence of SHS after stroke, aiming to identify high-risk SHS in the first-stroke onset population and discuss possible therapeutic methods.

Methods: We retrospectively studied all the first-onset stroke patients with one-side hemiplegia, then 36 patients that met the criteria were included. The patients’ data concerning a wide spectrum of demographic, clinical, and laboratory data were analyzed. RF algorithms were built to predict the SHS occurrence, and the model’s reliability was measured with a confusion matrix and the area under the receiver operating curves (ROC).

Results: A binary classification model was trained based on 25 handpicked features. The area under the ROC curve of the prediction model was 0.8 and the out-of-bag accuracy rate was 72.73%. The confusion matrix indicated a sensitivity of 0.8 and a specificity of 0.5, respectively. And the feature importance scored the weights (top 3 from large to small) in the classification were D-dimer, C-reactive protein, and hemoglobin.

Conclusion: A reliable predictive model can be established based on post-stroke patients’ demographic, clinical, and laboratory data. Combining the results of RF and traditional statistical methods, our model found that D-dimer, CRP, and hemoglobin affected the occurrence of the SHS after stroke in a relatively small sample of data with tightly controlled inclusion criteria.
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ensemble learning, random forest, shoulder-hand syndrome, stroke rehabilitation, predictive model


Introduction

Complex regional pain syndrome (CRPS) (Harden et al., 2007) are neuropathic pain disorders that generally affect the extremities and can occur after myocardial infarction, cervical spondylosis, craniocerebral trauma, and cerebrovascular disease (Shaparin et al., 2014). CRPS of the paralyzed upper limb after stroke is frequently called shoulder-hand syndrome (SHS), also known as reflex sympathetic dystrophy (RSD), and classified as CRPS type I by the International Association for the Study of Pain.

The etiology of SHS is still unclear (Bussa et al., 2015), and the prevalence varies greatly. Researchers in Korea reported the incidence rate ranged from 2 to 50% (Kim et al., 2020), and the Chinese reported from 12.5 to 74.1% (Zhong and Tang, 2009). SHS usually occurs 1−6 months after a cerebrovascular accident, which happens to be the period with the highest potential for rehabilitation (Kumar et al., 2009) and usually has a significant impact on the patient’s life quality and functional recovery. The paralyzed upper limbs frequently appeared painful, and edematous. The symptoms usually started from the hands, then often spread to the fingers and palms, and in severe cases to the lower forearms. Sensory disturbances including burning, stiffness, sweating, cold, or fever occurred along with the nerve distribution and the areas of injury. The pain usually increased with hand joint movements (especially passive movement). If not treated and controlled in time, long-term immobilization and relative hypoxia of tissues would cause atrophy of interosseous muscles and lumbricals, contracture of hand joints, especially metacarpophalangeal capsules, together with fibrosis of exudates causing adhesions, thickening of synovial bursae, and changes of corresponding joint bones, result in irreversible disability (Forouzanfar et al., 2002; Pertoldi and Di Benedetto, 2005; Hartwig et al., 2012; Pervane Vural et al., 2016).

The diagnosis of CRPS is often difficult due to the lack of confirmatory tests, and SHS’s diagnosis is not specific and more complex than in other pathological situations. SHS is now generally believed to be associated with incorrect movement patterns in the early stages of stroke patients resulting in shoulder and wrist injuries, impaired upper extremity fluid return, and vasomotor dysfunction following central nervous system injury (Lee et al., 2021). Stroke patients usually have arms hanging to their side for long periods in the recumbent and seated positions. The wrist joint is flexed, the shoulder girdle is retracted and sunken, and the forearm is internally rotated. The flexion and compression of the wrist joint can block a venous return to the upper extremity, resulting in swelling of the wrist and forearm (especially in the fingers and wrist) (Geurts et al., 2000). It is internationally recognized that the increased sympathetic excitability and decreased muscle strength of the affected limb after central nervous system injury cause the muscles to lose their “muscle pump” effect, while the obstruction of a venous return due to motor dysfunction leads to edema and pain in the hemiplegic upper limb (Zorowitz et al., 1996). Currently, no guidelines for the prevention of SHS have been established. Treatments include non-pharmacological therapy, pharmacological therapy, regional anesthesia, neuromodulation, sympathectomy, auxiliary compression facilities (Lin et al., 2020), also rehabilitation exercises. Currently, there is no single treatment to be universally effective. Since it was first introduced 70 years ago, it still is challenging work to make early detection of SHS. Our work aims to establish a predictive model of SHS by machine learning algorithm based on patient clinical information to highlight the risk factors, make early diagnoses, and detect potential intervention targets.

Random forest (RF) is an ensemble learning algorithm to predict a binary outcome (classifier) or a numerical value (regressor). It utilized bootstrap aggregating of both sample and feature bagging to create an uncorrelated forest of decision trees. The method is useful when the samples are relatively small (Breiman, 1996, 2001; Deo, 2015). In RF classification, many classification and regression trees (CARTs) are generated with bootstrap’s resampling technique repeatedly and randomly select m samples from the original training sample set of N (m < N).

In the process of generating a tree, feature selection is needed for splitting. The splitting principle is to improve the purity as much as possible, which can be measured by indicators such as information gain, gain rate, and Gini index. The bootstrap method is also applied for randomly selected parts of the features to find the one that makes the smallest Gini index, and the optimal solution is found among the selected features and applied to the nodes for splitting (Breiman, 2001; Kuhn and Johnson, 2013; Bzdok et al., 2018; Vabalas et al., 2019).

Random forest makes it easy to evaluate variable importance, or contribution, to the model. There are a few ways to evaluate feature importance. Gini importance and mean decrease in impurity (MDI) are usually used to measure how much the model’s accuracy decreases when a given variable is excluded. However, permutation importance, also known as mean decrease accuracy (MDA), is another important measure. MDA identifies the average decrease in accuracy by randomly permutating the feature values in out-of-bag samples (Breiman, 2001; Kuhn and Johnson, 2013; Bzdok et al., 2018; Vabalas et al., 2019). These methods allow us to measure the role of each feature in the classification and thus the importance of the occurrence of the disease.

This study intends to initially explore the application of RF to establish a predictive model and measure the importance of each variation in classification.



Materials and methods


Patient selection

This study included all adult patients (aged 18 years and older) who were hospitalized at the rehabilitation department during December 2020 and June 2021 in Shanghai Fourth Rehabilitation Hospital.

We included first-onset stroke patients with unilateral hemiparesis, who were admitted to our rehabilitation department within 1 month after stabilization of neurological symptoms. Exclusion criteria: subjects with more than one stroke episode, patients with a history of surgery on the affected upper limb, combined traumatic brain injury, spinal cord injury, acute myocardial infarction, heart failure, history of tumor, and subjects with severe liver and kidney dysfunction, Subjects with combined immune system disorders, hematologic disorders, subject with fever and pulmonary infections at the time of admission (see Figure 1).
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FIGURE 1
The flow chart of the experiment protocol.


Since this study was a predictive model establishment, the laboratory data were collected before the occurrence of the SHS. The site of the stroke was clarified by brain computed tomography or magnetic resonance imaging in all cases. All patients received standardized functional rehabilitation training after admission.



Ethics approval

This study was approved by the Institutional Review Board of Shanghai Fourth Rehabilitation Hospital with a waiver of informed consent due to the retrospective nature of the study. The data of this study are available from the corresponding author upon reasonable request.



Assessed variables and feature selection

Patients’ demographic, clinical, and laboratory data were used as possible variables as well as the history of the patient’s comorbidities. Demographic data included patients’ age and sex and laboratory findings consisted of routine examination of blood and biochemistry (Hemoglobin, white blood cell count, platelet count, C-reactive protein, 25-OH vitamin D, D-dimer, creatinine, B-type brain natriuretic peptide, urine microalbumin, homocysteine). Clinical variables included stroke type (infarction, hemorrhage, infarction combined with hemorrhage) and lesion location (cerebral cortex, cerebellum, thalamus, basal ganglia, brainstem).

Post-operative function assessments were not assessed in this study, Due to differences in scale selection and quality control across patients. The outcome was assessed with a follow-up of 6 months of rehabilitation employing the Budapest criteria (Table 1)–the mainstream diagnostic tool for CRPS (Pergolizzi et al., 2018).


TABLE 1    The Budapest criteria: In order to make a clinical diagnosis of CRPS, the following four criteria must be met (Pergolizzi et al., 2018).
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Data analysis

Data analysis was performed in python version 3.2.8., using the NumPy, Pandas, scikit-learn, scipy, and matplotlib modules.

Data were summarized by the sample mean and standard deviation (SD) for a continuous variable and by the count for a categorical variable. Demographic characteristics, comorbidities, and laboratory data were compared between two groups using two independent-sample t-tests for continuous variables and Fisher’s exact tests for categorical variables. Statistically, the significant difference was denoted by a P-value of less than 0.05, whereas practical significance was represented by effect sizes. Cohen’s d was used to measure effect sizes. In general, a d of 0.2 or smaller is considered to be a small effect size, a d of around 0.5 is considered to be a medium effect size, and a d of 0.8 or larger is considered to be a large effect size.



Data pre-processing

Empty data were replaced, and the missing value was filled in with the mean to complete the information of all cases. Variables were classified into numeric and categorical variables according to their type.

The categorical variables were:

Gender (male 1, female 2); whether lacunar infarction (yes 1, no 0); brain (lesion involved 1, not involved 0), cerebellum (lesion involved 1, not involved 0), thalamus (lesion involved 1, not involved 0), basal ganglia (lesion involved 1, not involved 0), brain stem (lesion involved 1, not involved 0), stroke type (infarction 1, hemorrhage 2); hemiplegic limbs (left side 1, right side 2); hypertension (d 1, not combined 0), atrial fibrillation (combined 1, not combined 0), diabetes (combined 1, not combined 0).

Numerical variables were: age, white blood cell count, hemoglobin, platelet count, C-reactive protein (CRP), B-type brain natriuretic peptide, D-dimer, 25-OH vitamin D (25-OHD), D dimer Body, creatinine, homocysteine, urine microalbumin.

Use one-hot encoding to convert categorical variables into numeric variables. Perform normalization (scaling) processing for numerical variables. The label prediction was set to 0 (SHS does not occur) and 1 (SHS occurs).



Random forest algorithm establishment

To predict the occurrence of SHS with imbalanced data recorded (more patients with SHS than without SHS), a classified RF algorithm was trained. Training data were gathered by repeated subsampling (bootstrapping) for inclusion in each tree. Data excluded from the bootstrap subsample (approximately 30% for each tree) were called out-of-bag (OOB). These data were further aggregated into the OOB sample. The number of included decision trees was optimized to achieve the lowest possible error rate, which prevented the over-fitting of the trained model.

Variables were selected using the nested cross-validation and Gini index criterion (a measurement of node purity, the smaller the Gini index, the purer the node, and the more likely the split will take place). The number of trees was selected to minimize the OOB error rate. Node size was optimized using the same criterion.

Predictive power was evaluated on the corresponding OOB data. A confusion matrix was performed to calculate the sensitivity, specificity, and precision. OOB accuracy rate was calculated and receiver operating characteristic (ROC) curves were constructed with corresponding values of area under the curve (AUC) calculated. Values of AUC close to 1 suggest strong predictive capability, whereas values near 0.5 means poor prognostic power.

The RF algorithm had a great quality to measure the relative importance of each feature in the prediction. scikit-learn measured a feature’s importance by looking at how much the tree nodes that used that feature reduce impurity across all trees in the forest. The sum of all feature importance scores was equal to one.

Using the bootstrap method sampled 70% size as the training set and the remaining 30% as the test set. Use Python version 3.2.8 to call the Randomforestclassifier module in the scikit-learn library. A total of 99 decision trees were trained under default parameter values (n_estimators = 10, max_depth = None, min_samples_split = 2, random_state = 0). The score function was called to calculate the accuracy of the model on the test set. Confusion_matrix was to calculate the sensitivity, specificity, and precision of the model. The roc_curve function was to draw the ROC curve and obtain the AUC value to evaluate the predictive ability of the model. Feature_importance_ was to obtain the feature importance value and sort it according to its importance.




Results


Characteristics of the patients

The inclusion criteria were met by 36 patients (19 men and 13 women). The average age of patients was 59.23 ± 18.27 years. The main recorded comorbidities included arterial hypertension in 31 patients (86.11%), diabetes mellitus (regardless of the type) in 21 patients (58.33%), and atrial fibrillation in 8 patients (22.22%). Left hemiparesis was present in 16 patients (44.44%). Characteristics of the Patients were summarized in Table 2.


TABLE 2    Comparison data of demographic and clinical characteristics between the occurrence group and the non-occurring group.
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Prediction of occurrence of post-stroke SHS

To predict whether the occurrence of SHS or not, classified RFs were constructed using 99 trees. The RF prediction model achieved an accuracy rate of 72.73% (0.7272727272727273) on OOB data. The two independent-sample t-tests were used for normally distributed and continuous data (see Table 2). The homoscedastic checks (F-value) were conducted for all data. The results showed there was a statistically significant difference between the two groups in terms of hemoglobin (p = 0.048424703) and D-dimer (p = 0.042652041). Then Cohen’s d was calculated to measure the effect sizes of the two terms. Cohen’s d for hemoglobin was 0.69, and for D-dimer was 0.70, both indicating medium differences between the groups. The occurrence group was prone to lower hemoglobin content and higher D-dimer values. The ranking of the feature importance ordered from largest to smallest was listed in Figure 2. Combining feature importance ranking with t-test results, our study indicated that D dimer, CRP, and HB played more important roles in classification and discrimination. The OOB accuracy rate of this model was 72.73%. The confusion matrix analysis (Figure 3) showed a model sensitivity of 0.8, specificity of 0.5, and precision of 0.57142857. The OOB ROC curve of the constructed model had an AUC of 0.8 (Figure 4).
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FIGURE 2
Feature importance ranking.
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FIGURE 3
Confusion matrix analysis of the test set. (Accuracy: 0.875, sensitivity: 0.8, specificity: 0.5 and precision: 0.57142857).
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FIGURE 4
The area under the ROC curve evaluates the predictive ability of the model.


Based on the above 25 characteristics, feature importance showed that the location of the lesion and hemiplegic side had little effect on the classification, indicating its less significant role in predicting the occurrence of SHS. Among the concomitant diseases, concomitant diabetes was more significant than hypertension and atrial fibrillation in predicting the development of SHS despite the low importance ranking score.




Discussion

Shoulder-hand syndrome is the third most common complication of stroke, after falls and confusion. A previous study found the healthcare utilization cost after diagnosis of SHS is 2.17-fold increased, and at least 8 years after diagnosis such increase persisted (Elsamadicy et al., 2018).

The pathogenesis of SHS is not clear, risk factors cannot be identified, and there are no effective interventions available. Instead of the traditional statistics method, we applied a machine-learning algorithm to build a predictive model and identify high-risk factors for the occurrence of SHS.

Medical dataset may contain noisy information, missing and unbalanced data. When it comes to building disease prediction and diagnostic models, the relevant data may involve many features and complex and non-linear relationships between variable which are often beyond the capacity of traditional statistical data processing.

Random forest is a flexible and easy-to-use machine learning algorithm that hold the advantage of identify the pattern in medical dataset that may not be directly apparent, even without prior knowledge (Hostettler et al., 2018) which made it suitable for the medical dataset.

It can process very high dimensional data (many features) and without dimensionality reduction and feature selection. Also it can determine the importance of features and the interaction between different features. These advantages make it particularly suitable for the prediction of diseases with multifactorial involvement (such as SHS) in their pathogenesis, it enable all related or unrelated information during analysis. Also in terms of model building, it is not easy to over-fitting; It can balance the error for unbalanced data sets; If a large part of the features is missing, the accuracy can still be maintained (Vabalas et al., 2019; Liu et al., 2020; Yang et al., 2020).

The onset and severity of SHS appear to be related to the etiology of the stroke (Geurts et al., 2000; Su et al., 2021). Injurious stimuli from stroke lesions can induce inflammatory responses (Shaparin et al., 2014), including classical inflammation (an exaggerated inflammatory response and some chemical mediators around the primary afferent fibers induced peripheral sensitization), neurogenic inflammation (a localized neurogenic inflammation brought edema, vasodilation, and hyperhidrosis, or repeated discharge of the C fibers caused an increased central sensitization), impairment of the autonomic nervous system, and changes of the central nervous system (especially the reorganization of primary somatosensory cortex). Therefore, we included inflammation-related indicators, such as CRP and WBC, and other stroke-related biochemical indicators. Patients’ age, hemiplegia side, location of the lesion, etiology of stroke, and comorbidities were also selected into our feature. Feature Selecting for building predictive models is readily available for any medical institution which makes the model practical and generalizable.

It has been suggested that the key to the treatment of SHS is prevention, so some studies have focused on the risk factors for SHS. Potential risk factors had been recognized for SHS like being female, left hemiparesis, spasticity, shoulder subluxation, a lower Brunnstrom stage of the distal upper limb, and an inferior Barthel index (Braus et al., 1994; Sandroni et al., 2003; Ringman et al., 2004; Altas et al., 2020; Su et al., 2021). But no consensus was reached. A population-based study conducted by Sandroni et al. (2003), confirmed female patients had a higher incidence of CRPS compared with male patients, although the mechanisms were not clear so far. And some researchers indicated that patients with left paralysis were more subject to CRPS due to hemineglect more often occurring in a right hemispheric stroke (Braus et al., 1994; Ringman et al., 2004; Altas et al., 2020). Su et al. (2021) conducted a meta-analysis comprising 2,225 participants and claimed that age, side of the lesion, etiology of the stroke, the Brunnstrom arm stage, the duration of stroke, and shoulder pain were not found to be associated with SHS. But in post hoc analysis they found that women and paralysis of left limbs were found to be more likely to be the feature of SHS.

Our predictive model used feature importance to weigh each feature in classification. It assigned the score of input features based on their significance to predict the output. The more the features were responsible to predict the output, the more their score.

The feature importance of our model assigned a relatively greater value for D-dimer and hemoglobin. Also, statistics analysis found that the SHS group had higher D-dimer levels and lower hemoglobin levels. So a reasonable hypothesis arose whether anticoagulation drugs to decrease the D-dimer and therapies to increase the hemoglobin could be effective precautions or strategies for SHS. Oral corticosteroids were the only recommended drugs for SHS with level 1 evidence of the purpose of anti-inflammatory (Harden et al., 2007). This suggested the important role of anti-inflammatories in the prevention and treatment of SHS. The feature importance ranking assigned CRP a relatively high score in the classification which was not detected in the conventional statistical methods. This result corroborated the reliability and validity of the model to some extent. It also demonstrates the ability of machine learning to far outperform traditional statistical methods in the identification of high-risk factors, even on small sample data.

It is important to note that steroid therapy is somewhat limited in stroke patients (Long and Dagogo-Jack, 2011; Oray et al., 2016). So new approaches are warranted to solve this situation. For the possible implications of D-dimer, hemoglobin in the pathogenesis and treatment of SHS, such as anticoagulant therapy and therapeutic measures to increase hemoglobin levels may prevent or even treat SHS. Confirmation requires larger clinical trials and multiple-center cooperation to validate our preliminary results on a broader sample of numbers and sources.

We also recognize that our model had some limitations due to the small sample for modeling:

1. Our data came from a single medical institution, so our model and findings may not generalize to other populations.

2. The sample size in this study was small, that was why the ROC curve demonstrated a stepped shape. Although it was able to obtain better results with the bootstrap sampling method, it was not sufficient to train a fully valid prediction model and may not provide reliable discrimination of results for out-of-training data. The sample size should be further expanded in future work.

3. Feature selection lacked function assessing indicators. Some researchers indicated that lower function assessment of upper limb like (Barthel index, Brunnstrom stage) may be associated with SHS. The difficulty of our research to incorporate function scale was the lack of uniform quality control. There were inconsistent treatment strategies for functional assessment because patients were seen in different hospitals at the time of stroke onset. Some hospitals had early interventions for functional rehabilitation, while others did not. And there were inconsistencies in the time of assessment, and the functional scores of patients fluctuated widely without good certainty. So we discarded the corresponding functional indicators. Since this study was a preliminary study, we will establish uniform standards for the quality control of functional assessment in the follow-up study.



Conclusion

The present study demonstrated a ensemble learning method using RF algorithm to predict the occurrence of SHS. Our findings highlighted the predictability of the onset of SHS using common and easily accessible metrics such as the blood biochemistry indicators, site of stroke, etiology, and concurrent diseases. The prediction model had an area under the ROC curve of 0.8, indicating considerable predictive ability. This method has the potential for early diagnosis and identification of high-risk factors with good utility.
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Background: Respiratory muscle ultrasound is a widely available, highly feasible technique that can be used to study the contribution of the individual respiratory muscles related to respiratory dysfunction. Stroke disrupts multiple functions, and the respiratory function is often significantly decreased in stroke patients.

Method: A search of the MEDLINE, Web of Science, and PubMed databases was conducted. We identified studies measuring respiratory muscles in healthy and patients by ultrasonography. Two reviewers independently extracted and documented data regarding to the criteria. Data were extracted including participant demographics, ultrasonography evaluation protocol, subject population, reference values, etc.

Result: A total of 1954 participants from 39 studies were included. Among them, there were 1,135 participants from 19 studies on diaphragm, 259 participants from 6 studies on extra-diaphragmatic inspiratory muscles, and 560 participants from 14 studies on abdominal expiratory muscles. The ultrasonic evaluation of diaphragm and abdominal expiratory muscle thickness had a relatively typically approach, while, extra-diaphragmatic inspiratory muscles were mainly used in ICU that lack of a consistent paradigm.

Conclusion: Diaphragm and expiratory muscle ultrasound has been widely used in the assessment of respiratory muscle function. On the contrary, there is not enough evidence to assess extra-diaphragmatic inspiratory muscles by ultrasound. In addition, the thickness of the diaphragm on the hemiplegic side was lower than that on the non-hemiplegic side in stroke patients. For internal oblique muscle (IO), rectus abdominis muscle (RA), transversus abdominis muscle (TrA), and external oblique muscle (EO), most studies showed that the thickness on the hemiplegic side was lower than that on the non-hemiplegic side.

Clinical Trial Registration: The protocol of this review was registered in the PROSPERO database (CRD42022352901).

KEYWORDS
 diaphragm, evaluation, ultrasonography, stroke, respiratory muscle


1. Introduction

The respiratory muscle pump consists of three primary groups controlling ventilation: the primary muscle of inspiration, the accessory inspiratory, and the expiratory muscles (Shi et al., 2021). The primary muscle of inspiration is the diaphragm, a thin dome-shaped muscle positioned between the chest and abdomen. As the most important respiratory muscle, the diaphragm contributes 60–80% of the ventilation needs of the human body. However, the diaphragm is not the only inspiratory muscle involved in ventilation. When the load imposed on the diaphragm increases, the accessory inspiratory muscles, such as the parasternal intercostal muscles, external intercostal muscles, scalene muscles, and sternocleidomastoid muscles, are recruited to assist in inspiration (Tuinman et al., 2020). With further loading, the expiratory muscles are activated in a fixed hierarchy to assist expiration (Shi et al., 2019). The role of expiratory muscle includes reducing end-expiratory lung volume, reducing transpulmonary pressure, and increasing inspiratory muscle volume (Shi et al., 2019). There are also studies (Dres et al., 2020) showing that the muscle fibers of the parasternal intercostal muscles contract during inspiration, which expands the thoracic cavity, thereby increasing the tidal volume. Generally, during tidal ventilation, the diaphragm works in synergy with the scalene and external intercostal muscles to trigger inspiration, as well as with the dilator muscles of the upper airway. In cases of respiratory distress, the sternocleidomastoid muscles and the trapezius are also recruited (Vivier and Mekontso Dessap, 2020).

Ultrasonography can assess the mechanics, thickness, and strength of all the respiratory muscles (Matamis et al., 2013), and it may be possible to provide valuable information in this context to complement clinical examination. Recent studies proved that ultrasound permits the quantitative assessment of the excursion and thickness of the respiratory muscles to quantify their function (Cala et al., 1998; Sferrazza Papa et al., 2016; Yoshida et al., 2019; Bedewi et al., 2021; Kang et al., 2021). Different ultrasonic techniques have been validated through several studies (Adigozali et al., 2016; Tahan et al., 2016; Bedewi et al., 2021). Stroke disrupts multiple functions (Benditt and Boitano, 2013). The respiratory function is often significantly decreased in stroke patients, and the respiratory intensity is only about 50% of the normal population. The respiratory dysfunction can be attributed to the affected respiratory central nervous system and respiratory muscles (Rochester and Mohsenin, 2002; Jandt et al., 2011). In this context, the present review has two objectives. The first is to review the ultrasound assessment of respiratory muscles. The second objective is the clinical application of respiratory muscle ultrasound in stroke patients.



2. Methods


2.1. Selection of studies

The review was according to the PRISMA 2020 flow diagram (Figure 1 and Supplementary material 3). We intended to identify studies measuring respiratory muscles in healthy and patients by ultrasonography. Based on the suggestions of thoracic ultrasound from European Respiratory Society Statement (Laursen et al., 2021) and previous review on ultrasonography measurement (Sferrazza Papa et al., 2016), we chose studies based on the following criteria: (1) Study subjects were healthy or patients with respiratory muscle disorders for various causes, the subjects included in the part of the clinical application were stroke patients. (2) The ultrasonography evaluation of the respiratory muscle was clearly described with integrated protocol, the ultrasound equipment, experience of the operator, probe frequency selection, subject’s measurement position, selection of measuring points/ultrasound probe placement position, respiratory status during measurement, and whether the subject cooperated, and respiratory muscle’s values were recorded. (3) All included studies were published in English with full text (English articles that were not published in full text were removed), including original studies and clinical trials.

[image: Figure 1]

FIGURE 1
 Flow diagram of the review.




2.2. Data source and search strategy

We searched articles published in the MEDLINE, Web of Science, and PubMed databases with no date restrictions up to 19 November 2022 (Supplementary material 1). The following keywords were used: Respiratory muscle ultrasonography-related words: ultrasonography, ultrasound, echotomography, sonography, echography, diaphragm, respiratory muscles, ventilatory muscles, and intercostal muscles based on title, abstract, and MeSH terms, and trapezius, sternocleidomastoid muscles, scalene muscles, parasternal intercostal muscle, inspiratory muscle, and expiratory muscle based on title and abstract. Stroke-related words were stroke, hemiplegia, cerebrovascular, CVA, apoplexy, vascular, brain, cerebral, intracerebral, hemorrhage, infarct, and ischemia based on title, abstract, and MeSH terms. The search strategy was created based on the PICO strategy: P (patient)—adults (healthy or diseases); I (intervention)—ultrasonography of the respiratory muscles (e.g., diaphragm, extra-diaphragmatic inspiratory muscles, abdominal muscles); C (comparator)—none; O (outcomes)—methodology and reference value.



2.3. Literature review and data extraction

Two review authors independently read the titles and abstracts of all literatures searched by the databases. Unified standards were used to extract relevant information from the full text of articles that met the inclusions. Data were extracted including participant demographics, ultrasonography evaluation protocol, subject population, reference values, etc.




3. Ultrasonography evaluation of respiratory muscles


3.1. Inspiratory muscle


3.1.1. Diaphragm

The diaphragm is a dome-shaped, fibromuscular partition between the thoracic and abdominal cavities (Gerscovich et al., 2001) that composed of four components: the transverse septum, pleuroperitoneal folds, esophageal mesentery, and muscular body wall laterally that separates the chest from the abdominal cavity (Sarwal et al., 2013). It is the most important inspiratory muscle and plays a major role in maintaining ventilation (Sferrazza Papa et al., 2016). Diaphragmatic ultrasound has been widely used in healthy individuals (Ueki et al., 1995) and clinical practice (Sferrazza Papa et al., 2016), and a wide range of normal and abnormal values has been reported (Gottesman and McCool, 1997; Boussuges et al., 2009; Sferrazza Papa et al., 2016). In general, there are two major forms of ultrasonographic assessment of the diaphragm: diaphragm excursion and thickness (Supinski et al., 2018).

Diaphragm excursion measurement (Table 1): 2–5 MHz transducer with M-mode ultrasonography is used to measure the diaphragm excursion. The participants are in the supine or standing position during ultrasonic measurement. Usually, the liver is used as a window on the right side, and the diaphragm is examined from the anterior subcostal approach (the right costal margin between the midclavicular and anterior axillary lines). While the spleen is used for the left side, the diaphragm was examined from a subcostal or low intercostal approach (between the anterior axillary and mid-axillary lines). One study has shown that supine position is preferred for the study of diaphragmatic excursion because of less variability in observations (Gerscovich et al., 2001). Visualization of the left diaphragm is more difficult because of the smaller window of the spleen, but can be facilitated by a more coronal approach and by paralleling the ribs (Sarwal et al., 2013). In addition to the common approaches described, several other approaches have been showed in previous studies. Among them, the posterior subcostal approach may not be practical in critically ill or mechanically ventilated patients (Fedullo et al., 1992). However, the subxiphoid approach provides another option for measuring excursion, and it is particularly useful in children (Chavhan et al., 2010). The excursion of diaphragm is usually measured during quiet breathing, deep breathing, or the sniff test.



TABLE 1 Selected studies providing direct visualization of ultrasonographic assessment of the diaphragm.
[image: Table1]

Diaphragm thickness measurement (Table 1): With the participants in the standing, semi-recumbent, or supine position, 7–13 or 6–15 MHz linear-array transducer with B-mode or M-mode ultrasonography is used to measure the diaphragm thickness at the zone of apposition during inspiration or expiration. The probe is positioned at approximately the anterior axillary line or just cephalad to the lower costal margin at the eighth and ninth intercostal spaces. The diaphragm can be visualized as a three-layered structure consisting of a relatively non-echogenic muscular layer bounded by echogenic membranes of the peritoneum and diaphragmatic pleura with the probe perpendicular to two ribs (Supinski et al., 2018). According to the diaphragm thickness at the end-inspiration and end-expiration, the thickening fraction of the diaphragm (TFdi) can be calculated by the formula. TFdi = (end-inspiratory thickness - end-expiratory thickness)/end-expiratory thickness × 100%. Thickening fraction (TFdi) reflects on tractile activity that can be used to assess muscle function (Wait et al., 1989; Goligher et al., 2015). The ultrasound criteria of diaphragm thickness < 2.0 mm and thickening fraction (TFdi) < 20% was diagnostic of diaphragm paralysis in previous research (Gottesman and McCool, 1997).



3.1.2. Extra-diaphragmatic inspiratory muscles


3.1.2.1. Parasternal intercostal muscle and intercostal muscles

Together with the diaphragm, extra-diaphragmatic inspiratory muscles participate in the generation of the tidal volume (Formenti et al., 2020). The intercostal muscles can be directly visualized between the ribs (Laursen et al., 2021) and the European Respiratory Society recommends ultrasound monitoring of the intercostal muscles to assess respiratory function (Laveneziana et al., 2019). The intercostal muscles are composed of three thin layers of muscle fibers occupying each of the intercostal spaces (Formenti et al., 2020). The outer layer is external intercostal; in contrast, the layer is internal intercostal (De Troyer et al., 2005), and the inner layer is the innermost intercostal muscle (Estenne et al., 1985). The intercostal spaces contain two layers of intercostal muscle in their lateral portion but a single layer in their ventral and sometimes in their dorsal portions. Between the sternum and the chondrocostal junctions, the external intercostals are replaced by a fibrous aponeurosis, and this portion of the internal intercostals on the ventral side is conventionally called the Parasternal intercostals (De Troyer et al., 2005). The inspiratory contraction of the Parasternal intercostal muscle involves muscle shortening, acting to elevate the rib cage and expand the lung (Cala et al., 1998). Because their mass remains constant, increases in thickness can be observed using ultrasound imaging during inspiration (Vivier and Mekontso Dessap, 2020). Ultrasound has been used to investigate parasternal intercostal muscles in the easily accessible anterior parasternal region (Cala et al., 1998; Diab et al., 1998). Unlike the parasternal intercostal muscles, in the lateral and in the posterior part of the intercostal space, the internal and external intercostal muscles often overlap, making the ultrasound detection of both muscle layers impossible (Formenti et al., 2020). Therefore, ultrasonography of the intercostal muscles generally measures both the internal and external intercostal muscles. The extra-diaphragmatic respiratory muscles recruitment is a mechanism of compensation that can be activated in presence of diaphragm dysfunction (Dres et al., 2020). The parasternal intercostal muscle, as the main auxiliary inspiratory muscle, has a broad application prospect in mechanically ventilated patients, especially those with diaphragmatic dysfunction. The extra-diaphragmatic respiratory muscles recruitment is a mechanism of compensation that can be activated in presence of diaphragm dysfunction (Dres et al., 2020). The parasternal intercostal muscle, as the main auxiliary inspiratory muscle, has a broad application prospect in mechanically ventilated patients, especially those with diaphragmatic dysfunction.

Parasternal intercostal muscle thickness measurement (Table 2). Parasternal intercostal muscle ultrasound is performed with a 6–14 or 10–15 MHz linear-array transducer positioned in cranio-caudal direction at the second intercostal space, approximately 3–5 cm or 6–8 cm lateral to the sternal edge with a window visualizing between the 2nd and the 3rd rib. The supine position is usually used, and some studies used the participant at 45°. The second parasternal intercostal muscle was identified as a three-layered biconcave structure: two linear hyperechoic membranes running, respectively, from the anterior and posterior aspects of the adjoining ribs, and a medial portion with muscle echotexture. Using B-Mode or M-mode, the thickness of the parasternal intercostal muscle was measured on frozen images at end expiration and at peak inspiration during tidal breathing or total lung capacity. Change in thickness determined the thickening fraction of the parasternal intercostal muscle (TFic) as follows: TFic = (end-inspiration thickness – end-expiratory thickness)/end-expiratory thickness×100% (Dres et al., 2020, 2021). Previous research showed that a value of TFic less than 10%, associated with a TFdi greater than 20% during mechanical ventilation indicates a successful weaning trial (Formenti et al., 2020).



TABLE 2 Selected studies providing direct visualization of ultrasonographic assessment of the parasternal intercostal muscle and intercostal muscles.
[image: Table2]

Intercostal muscles thickness measurement (Table 2): Using B-mode ultrasound with 7–12 Hz linear probe to measure contractions of the intercostal muscle. The participants’ measurement used the supine position when measuring the anterior intercostal space, while the left side-lying position was used in the right lateral intercostal space and the posterior intercostal space, and the other research chose the sitting position. The measurement of anterior part of the intercostal muscle was the 1st − 6th intercostal spaces and 25–30 mm outside from the right edge of the sternum. The lateral part was the 3rd, 6th, and 9th intercostal space, at the line connecting the axillary anterior border with the anterior superior iliac spine. The posterior part was the 3rd, 6th, and 9th intercostal spaces, and it was 50–60 mm lateral to the thoracic spinous process. To measure the 8th posterior intercostal space, place the ultrasound probe at medial scapula line. Participants were in a supine position and the probe was placed at the level of the mid-axillary line and measurements were made at the 5th and 6th intercostal space (Pietton et al., 2021). One study determined the area of the intercostal muscles at maximal inhalation in one adult person and it was found that measurements at maximal inhalation were more accurate than those taken at maximal exhalation (Diab et al., 1998). Summary of the literature, previous studies have focused on the right intercostal muscles, the structure and contractile function of the bilateral intercostal muscles by ultrasound need to be further studied. Meanwhile, reference values need to be determined.





3.2. The scalene muscles, sternocleidomastoid muscles and the trapezius

The human inspiratory muscles in the neck include the scalene and sternomastoid. These muscles have similar respiratory actions on the chest wall and cause cranial displacement of the sternum and ribcage (Hudson et al., 2007). The human scalene are obligatory inspiratory muscles that have a greater mechanical advantage than sternomastoid. Lee et al. (2016) found that stretching of the scalene muscles improved vital capacity. Several studies used computed tomographic scan images to measure the changes in muscle length, muscle mass and size of the sternocleidomastoid muscle (Peche et al., 1996; Legrand et al., 2003).

One study evaluated the reliability of shear-wave elastography (SWE) to assess the anterior and middle scalene muscles in healthy adult subjects. Ultrasound examinations of the scalene muscles were performed by an L18–4 MHz linear-array transducer. The ultrasound transducer was placed just lateral to the thyroid lobe (Bedewi et al., 2021). However, the limitations of this study were the small sample size, and the lack of comparison with pathological tissue. Several studies used B mode linear probe of ultrasonography with frequency of 7–11 or 8.5–10.0 MHz for imaging of the trapezius (Adigozali et al., 2016; Kisilewicz et al., 2020). Subjects were asked to sit on the chair while they were in an upright and relaxed position (Adigozali et al., 2016). In order to measure the thickness and SWE of the trapezius, the position of the ultrasound probe was generally chosen the midpoint of the spinous process of 7th cervical vertebra and acromion process of right scapula were determined by palpation. However, due to the peculiarities of anatomy and the limitations of ultrasound technology, there were few ultrasound studies on the scalene, sternocleidomastoid muscles and the trapezius.



3.3. Expiratory muscle

The expiratory muscles include the abdominal wall muscles (transversus abdominis muscle (TrA), internal oblique muscle (IO), external oblique muscle (EO), and rectus abdominis muscle (RA)), and some of the rib cage ones (e.g., the internal intercostal muscles and the triangularis sterni muscle) (De Troyer et al., 1998; Wilson et al., 2001; De Troyer et al., 2005; De Troyer and Boriek, 2011). During tidal breathing, the expiratory muscles are largely inactive (Shi et al., 2019), although the transversus abdominis muscle may occasionally show some activity during quiet breathing (De Troyer et al., 1990). Previous study has shown that transversus abdominis has an important role in posture (Belavý et al., 2017). The contraction of the transversus abdominis muscle with the other muscles of the abdominal cavity has also been shown to increase intra-abdominal pressure (Hodges and Gandevia, 2000). Activation of the expiratory muscles during breathing occurs when the load imposed on the inspiratory muscle increases (Shi et al., 2019). In the presence of an imbalance between inspiratory muscle load and capacity, the abdominal wall muscles are recruited during expiration in a fixed hierarchy (Aliverti et al., 1997; Parthasarathy et al., 2007): initially, the transversus abdominis muscle, followed by the internal oblique muscle and the external oblique muscle, and finally the rectus abdominis muscle (Abe et al., 1996; Suzuki et al., 1999). Abdominal ultrasound allows direct visualization of the three layers of the abdominal wall muscles (Misuri et al., 1997; McMeeken et al., 2004; Rankin et al., 2006; Tahan et al., 2016). In healthy subjects, the thickness of individual abdominal wall muscles follows a certain pattern: transversus abdominis < external oblique < internal oblique < rectus abdominis (Tahan et al., 2016).

Expiratory muscle thickness measurement (Table 3): Using 7.5 or 10–15 MHz linear probe in B-mode condition positioned perpendicular to the abdominal wall. Measurements were performed with the subjects in a supine or semi-recumbent position with knees bent and the hips at 45°. To visualize the rectus abdominis muscle, the transducer is positioned in a transverse orientation approximately 2–3 cm above the umbilicus and 2–3 cm lateral from the midline. The external oblique, internal oblique, and transversus abdominis muscles can be identified as three parallel layers, usually at the anterior axillary line, midway between the inferior border of the rib cage and the iliac crest. Several studies measured rectus abdominis at 3 cm or 4 cm lateral to the umbilicus; the external oblique, internal oblique, and transverse abdominis were measured at 2.5 cm anterior to the mid-axillary line and at the midpoint between the inferior rib and iliac crest. The pressure applied to the probe should be kept to a minimum to prevent compression of the abdominal wall as this may alter the shape/thickness of the underlying muscles. Abdominal muscle thickness was performed at the end of a relaxed expiration or at end-inspiration. Thickening fraction of the expiratory abdominal muscles (TFabd) can be calculated as the magnitude of thickness increase during expiration. Change in thickness determined the thickening fraction of the expiratory abdominal muscles (TFadb) as follows: TFadb = (end-expiratory thickness − end-inspiratory thickness)/end-inspiratory thickness × 100% (Tuinman et al., 2020).



TABLE 3 Selected studies providing direct visualization of ultrasonographic assessment of the expiratory muscles’ thickness.
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3.4. Feasibility and reliability of the ultrasound measurements

To be useful, ultrasound measures should be reliable and with good reproducibility, which means that they are stable over time, have minimal variability, and have enough sensitivity to detect clinically important changes (Lexell and Downham, 2005). There were many studies on the feasibility and reliability of the diaphragmatic ultrasound measurements (Baldwin et al., 2011; Goligher et al., 2015). Ultrasonographic technique of diaphragm was previously reported to be reliable, with high intra-class correlation coefficient for intra-rater and inter-rater reliability (Gottesman and McCool, 1997; Boussuges et al., 2009). Diaphragm motion depend on the position of the subject in the study (Sarwal et al., 2013). The supine position is preferred, because there is less overall variability, less side-to-side variability, and greater reproducibility (Gerscovich et al., 2001). Baldwin et al. (2011) also found that ultrasound technique has good reliability in recumbent positions. In addition, the relationship between inspired volume and diaphragmatic motion was found to be linear (Houston et al., 1994).

On the contrary, very few studies have applied ultrasound to evaluate the extra-diaphragmatic inspiratory muscles. Parasternal intercostal muscle ultrasound may be a useful tool in the evaluation of the respiratory muscle in future studies (Tuinman et al., 2020). Dres et al. (2020) have proposed a technique to measure the parasternal intercostal muscle by ultrasonography, while their results need to be confirmed in a larger number of patients (Vivier and Mekontso Dessap, 2020). Intercostal muscle ultrasound offers a repeatable and radiation-free alternative, however requires validation. Wallbridge et al. (2018) found that the inter-rater reliability was not as strong for thickness, particularly in the third intercostal spaces bilaterally. The results of the research demonstrated that real time ultrasonography was a reliable method for measurement of upper trapezius (Adigozali et al., 2016). Other extra-diaphragmatic inspiratory muscles, such as the scalene muscles and sternocleidomastoid muscles, requires further study on their ultrasound approach, reliability, and reproducibility.

The measurement of abdominal wall muscles’ thickness was feasible in almost all healthy subjects and patients. A large number of studies evaluated the reproducibility of ultrasound imaging measures of abdominal muscle activity (McMeeken et al., 2004; English et al., 2012). Reliability in the measurement of abdominal muscle thickness was assessed in several studies and their results indicated an excellent inter-and intra-rater reproducibility in measuring the muscle thickness of these muscles (Ota et al., 2012; Shi et al., 2021).



3.5. Limitations of respiratory muscle ultrasonography

The operator skills, technical aspects are related to ultrasound physics, and patient characteristics, e.g., probe orientation difficulties, the small muscles, muscle edema, and the pressure of the transducer and manipulator’s hand on the wall can all affect measurements (Tuinman et al., 2020; Vivier and Mekontso Dessap, 2020). Furthermore, the spatial axial resolution of the probe plays a critical role. Comparing individual patient results should be done with a degree of caution and only after adequate training (Tuinman et al., 2020).

Previous studies have some methods to reduce variability, such as the same normalized position of the subject and the exact position of the transducer were maintained during the measurement, use the minimum amount of pressure needed to get a clear image while preventing pressure that could alter the shape or thickness of the muscle (Tuinman et al., 2020), the same observer for three different cycles of measurement, and a unified standard for measurement software, etc. (Liu et al., 2022).



3.6. Risk of bias

The risk of selection, performance, detection, and reporting bias in the included studies are specified in Table 4.



TABLE 4 Risk of bias.
[image: Table4]




4. Clinical applications of the patients with stroke


4.1. Role of diaphragm ultrasound in stroke

The human diaphragm represents one of the muscles that are controlled by an automatic as well as voluntary motor system (Nakayama et al., 2004). It is thought that bilateral hemi-diaphragms are controlled by the contralateral primary motor cortex and, thus, in the presence of paralysis, the diaphragm is also affected on the same side as the paralysis (Aminoff and Sears, 1971; Cohen et al., 1994). The etiology of the paralysis is multiple (Gerscovich et al., 2001). Central nervous system disease, including brain infarction, may impair diaphragmatic motion. Because ultrasonography can distinguish a functioning from a nonfunctioning diaphragm, it can be used to diagnose both unilateral and bilateral diaphragmatic paralysis and to monitor recovery of the paralyzed diaphragm (Gottesman and McCool, 1997; Summerhill et al., 2008). Respiratory exercises could contribute to the well-being of the stroke patients and this contribution could be followed up by diaphragm ultrasound (Kılıçoğlu et al., 2022).

Hemiplegic side of the diaphragm had reduced thickness and motion during voluntary inspiration on the same side of the body paralysis in patients with stroke (Laroche et al., 1988; Kim et al., 2017) and this finding was not seen during quiet breathing (Cohen et al., 1994). Our results of previous study were consistent with (Liu et al., 2022). However, there was controversy about the function of the hemiplegic side and non-hemiplegic side of the diaphragm after stroke. Some researchers showed that the motion of the diaphragm on the hemiplegic side decreases after stroke, and the contralateral showed a larger excursion compensatively (Cohen et al., 1994). However, Houston et al. (1995) found bilaterally decreased volitive diaphragmatic motion in acute cerebral infarction. Recent studies have found that the thickness and motion of the bilateral diaphragm in stroke patients were decreased (Caleffi-Pereira et al., 2018), while diaphragmatic dysfunction was more severe on the hemiplegic side (Catalá-Ripoll et al., 2020). In view of this, we reviewed the diaphragm thickness in hemiplegic patients after stroke at the subacute stage (almost within 1–6 months from the onset) with ultrasound in the literature, as shown in Figure 2. In most of the studies, the thickness of the diaphragm on the hemiplegic side of stroke patients is lower than that on the non-hemiplegic side, no matter at the end of inspiration or end of expiration (Supplementary material 2).

[image: Figure 2]

FIGURE 2
 Studies for the thickness of the diaphragm ultrasound in stroke patients. The reference values of the diaphragm thickness of the stroke patients at the subacute stage at end-expiration and end-inspiration measured by ultrasound in different studies in Supplementary material 2, presented by the mean ± standard deviation. Where the gray curves (solid and dotted lines) represented the diaphragm thickness at the end of inspiration, and the black curves (solid and dotted lines) were the thickness of the diaphragm at the end of expiration. The solid lines were the thickness of the diaphragm on non-hemiplegic side, while the dotted lines were the hemiplegic side. The values on the abscissa represented the average duration of post-stroke (months).




4.2. Role of expiratory muscles ultrasound in stroke

The function of hemiplegic expiratory muscles may be affected in stroke patients. It is therefore important to determine the quantitative and qualitative changes in abdominal muscles in stroke survivors. The hemiplegic side has been found to exhibit negative changes in abdominal muscle quantity and quality compared with the non-hemiplegic side or healthy controls (Monjo et al., 2022). One study has shown that the TrA on the hemiplegic side was 16% lower in the stroke patients compared to the matched side in the healthy people (Marsden et al., 2013). However, Kelli et al. (2020) found that bilateral TrA thickness decreased in the hemiplegia patients, suggesting muscle atrophy on both sides of the trunk. Kim et al. (2020) revealed that contractility of RA and EO at the paretic side was significantly lower than at the non-paretic side, while there were no significant difference between non-paretic and paretic sides at rest. Monjo et al. (2018) indicated that changes on the hemiplegic side in stroke survivors might not occur in the abdominal muscles. Regarding the reliability of ultrasound measurements, studies have shown that ultrasound is considered a reliable method for measuring muscle thickness in acute stroke patients (English et al., 2012). We summarized the thickness of abdominal respiratory muscles in hemiplegic patients after stroke in the literature, as shown in Figure 3. In the studies included, the average post-stroke duration of the expiratory muscles-related patients with hemiplegia ranged from months to years. Due to a large duration span, there was a lack of evaluation of possible bias. Consequently, we indicated reference numbers of different studies on the abscissa replaced the average duration of post-stroke in Figure 3. For IO and RA, two of three studies indicated that the thickness of the hemiplegic side of stroke patients was lower than that of the non-hemiplegia side, and one study found the opposite conclusion. For TrA, most studies showed that the thickness on the hemiplegic side was lower than that on the non-hemiplegia side; while for EO, all three studies showed that the thickness on the hemiplegic side was lower than that on the non-hemiplegic side (Supplementary material 2).
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FIGURE 3
 Studies for the thickness of the expiratory muscle ultrasound in stroke patients. The reference values of the thickness of expiratory muscle at end-expiration measured by ultrasound in different studies in Supplementary material 2, presented by the mean ± standard deviation. Where the solid line was the thickness of the expiratory muscles on non-hemiplegic side, while the dotted line was the hemiplegic side. Labels at the top-right of the abbreviations on the abscissa axis, such as [8],[9],[11], are shown in Supplementary material 2. The abbreviations on the abscissa represented different studies. IO, Internal oblique muscle; EO, External oblique muscle; RA, Rectus abdominis muscle; TrA, Transversus abdominis muscle.





5. Discussion

It is necessary to assess the muscles of respiratory to measure respiratory function. Respiratory muscle ultrasound is a widely available, highly feasible, non-invasive bedside radiation-free technique that can be easily applied in the clinic. It can provide information about the structure and function of the respiratory muscle. Moreover, ultrasonography can be used to study the contribution of the individual respiratory muscles related to pulmonary dysfunction. At present, diaphragm and expiratory muscle ultrasound has been widely used in the assessment of respiratory muscle function in healthy people, and there have been some studies on its repeatability and reliability. However, its application in diseases and the outlier values need more studies to verify. In addition, there is not enough evidence to use ultrasound measurements to assess extra-diaphragmatic inspiratory muscles, and further studies using standardized methodology are needed. The impairment of respiratory function is a frequent and serious complication for stroke patients (Kim et al., 2015). Early detection of respiratory dysfunction is important for protecting patients from comorbid pulmonary problems (Kılıçoğlu et al., 2022). By summarizing the function of respiratory muscle on hemiplegic side and non-hemiplegic side of stroke patients in the studies included, we found that the average thickness of diaphragm on the hemiplegic side of stroke patients was significantly lower than that on the non-hemiplegic side, while the average thickness of abdominal expiratory muscles on the hemiplegic side were mostly lower than that on the non-hemiplegic side. However, there are several limitations in this review. We summarized and described the applications of ultrasonic measurement of respiratory muscle according to different parameters; but there was a lack of evaluation of differences and possible bias. In addition, due to the inclusion of fewer studies, the included stroke patients were not distinguished by age, gender, type of stroke, etc., at the clinical application of this review. Due to the inconsistency of indicators reflecting diaphragmatic contractility in the included studies, diaphragmatic thickness at the end-inspiratory and end-expiratory was used instead of diaphragmatic thickening fraction in Figure 2. Moreover, the average post-stroke duration of the expiratory muscles-related patients with hemiplegia ranged from months to years in the studies included. Future research can analyze and summarize these influencing factors before elaboration.
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Background: Cerebellar ataxia (CA) is a movement disorder that can affect balance and gait, limb movement, oculomotor control, and cognition. Multiple system atrophy-cerebellar type (MSA-C) and spinocerebellar ataxia type 3 (SCA3) are the most common forms of CA, for which no effective treatment is currently available. Transcranial alternating current stimulation (tACS) is a non-invasive method of brain stimulation supposed to alter cortical excitability and brain electrical activity, modulating functional connectivity within the brain. The cerebellar tACS can modulate the cerebellar outflow and cerebellum-linked behavior and it is a proven safe technique for humans. Therefore, the aim of this study is to 1) examine whether cerebellar tACS improves ataxia severity and various non-motor symptoms in a homogeneous cohort of CA patients consisting of MSA-C and SCA3, 2) explore the time course of these effects, and 3) assess the safety and tolerance of cerebellar tACS in all participants.

Methods/design: This is a 2-week, triple-blind, randomised, sham-controlled study. 164 patients (MSA-C: 84, SCA3: 80) will be recruited and randomly assigned to either active cerebellar tACS or sham cerebellar tACS, in a 1:1 ratio. Patients, investigators, and outcome assessors are unaware of treatment allocation. Cerebellar tACS (40 min, 2 mA, ramp-up and down periods of 10s each) will be delivered over 10 sessions, distributed in two groups of five consecutive days with a two-day break in between. Outcomes are assessed after the tenth stimulation (T1), and after 1 month (T2) and 3 months (T3). The primary outcome measure is the difference between the active and sham groups in the proportion of patients with an improvement of 1.5 points in the Scale for the Assessment and Rating of Ataxia (SARA) score after 2 weeks of treatment. In addition, effects on a variety of non-motor symptoms, quality of life, and autonomic nerve dysfunctions are assessed via relative scales. Gait imbalance, dysarthria, and finger dexterity are objectively valued via relative tools. Finally, functional magnetic resonance imaging is performed to explore the possible mechanism of treatment effects.

Discussion: The results of this study will inform whether repeated sessions of active cerebellar tACS benefit CA patients and whether this form of non-invasive stimulation might be a novel therapeutic approach to consider in a neuro-rehabilitation setting.

Clinical Trial Registration: ClinicalTrials.gov, identifier NCT05557786; https://www.clinicaltrials.gov/ct2/show/NCT05557786.

KEYWORDS
 spinocerebellar ataxia, multiple system atrophy, transcranial alternating current stimulation, randomised controlled trial, treatment


Introduction

Cerebellar ataxia (CA) is a major cause of gait imbalance, limb dyskinesia, impaired motor-ocular control, and cognitive impairment (Manto et al., 2020). CA can be divided into sporadic ataxia and inherited ataxia, with the multiple system atrophy of cerebellar type (MSA-C) and spinocerebellar ataxia type 3 (SCA3) as the most common types, respectively (Anheim et al., 2012; Poewe et al., 2022). Although the pathogenic factors of these two types of CA are complex and varied, the common pathological features are injury, atrophy or dysfunction of the cerebellar and/or its afferent/efferent neural pathways (Radmard et al., 2023). At present, except for a few CA with very clear pathogenesis, there is still a lack of effective targeted treatment in clinic (Marmolino and Manto, 2010; Gandini et al., 2020; Beaudin et al., 2022; Correia et al., 2023). Therefore, an in-depth study of the neural mechanism of CA is of great significance for understanding cerebellar motor regulation and developing new therapeutic targets and strategies.

Transcranial alternating current stimulation (tACS) delivers brain stimulation by modulating cortical excitability and spontaneous brain activity in the scalp via a weak electrical current (Cabral-Calderin and Wilke, 2020). In the context of human neuroscience research, cerebellar tACS (CB-tACS) technique was pioneered by Mehta and colleagues (Mehta et al., 2014). This technique facilitates the study of cerebellar oscillations through the interaction of reactive neuronal elements (Wessel et al., 2022), enriches the imaging method of electrophysiology, and affects corticospinal excitability through the thalamic cortical pathway of the cerebellum, helping to explore the oscillatory mechanism triggered by the cerebellum and its associated circuits (Asan and Sahin, 2019; Wessel et al., 2022). A growing number of studies have demonstrated the ability of tACS to modulate different domains of human behavior rhythm and gait (Koganemaru et al., 2020), such as motor learning (Schubert et al., 2021), improving motor skills (Wessel et al., 2020), working memory (Abellaneda-Pérez et al., 2019; Grover et al., 2022), and the processing of emotional stimuli (Hu et al., 2021) and cognition (Del Felice et al., 2019). Furthermore, the safety of CB-tACS has been confirmed in healthy adult studies with only a few subjects reporting scalp burning, mild tingling, phosphorescent sensation, and other transient adverse reactions (Antal et al., 2017; Matsumoto and Ugawa, 2017). More recently, research has also begun to explore its therapeutic potential in various neurological disorders. Although tACS has been suggested as a treatment for different neurological conditions (PD (Del Felice et al., 2019), AD (Benussi et al., 2022), schizophrenia (Ahn et al., 2019), depression (Wang et al., 2022), and insomnia (Hong-Xing et al., 2020)), no evidence was reported yet for the tACS treatment on CA patients.

Based on these abovementioned results, we performed our clinical CB-tACS study. Our aims were 1) investigate whether cerebellar tACS decreases ataxia severity and a variety of non-motor symptoms in a homogeneous cohort of patients of MSA and SCA3 and 2) what is the duration of this beneficial effect.



Methods


Ethics and dissemination

This study was carried out according to the Declaration of Helsinki and got the approval of the local ethics committee of The First Affiliated Hospital of Fujian Medical University, Fuzhou, China (MRCTA, ECFAH of FMU [2022]399) on Aug 5, 2022. The contacts of the ethics committee are: 0086–0591-87,981,028, fykyll@163.com, and No.20, Chazhong Road, Fuzhou, Fujian Province, China. Participants need to sign an informed consent form before this study and receive medical care after the study. The research results will be published through articles or conferences. Thus, this study will benefit the treatment of CA patients and hopefully supply an effective non-pharmacological intervention soon.



Experimental design, randomization, and blinding

This is a single-centre, triple-blind, randomised, sham-controlled intervention trial. The total of 164 recruited participants with CA (MSA: 84, SCA3: 80) will be randomly and equally assigned to the active or sham treatment group. The randomization was created by a computer program in permuted blocks of four and managed by an offsite statistician who does not participate in this study. Every participant gets an unknown-beforehand number from a sealed opaque envelope, which determines the trial he/she will participate in. The envelopes for the two tACS plans (sham and active) have the same characteristics regarding size, color, appearance, weight, and odor, and different plans are numbered by the statistician. All participants were blinded to the specific assignment during the triple-blind treatment period until the end of the follow-up, except for any emergency when the blinding will be stopped. Participants will receive a 2-week intervention, followed by a 4-week follow-up (conducted at the 6th week) and a 12-week follow-up (conducted at the 14th week). The entire process will strictly follow the consolidated standards of reporting trials guidelines (Figure 1) and standard protocol items: recommendations for interventional trials checklist (Chan et al., 2013a, b).

[image: Figure 1]

FIGURE 1
 Design and flow of participants through the study.


Termination of the trial will be decided by the principal investigators, according to the following criteria: (1) lack of two consecutive tACS sessions, (2) severe adverse events (AEs), and (3) affected tACS-Assessment by treatment of other diseases. If a patient is lost to follow-up at weeks 6 or 14, the data collected up to that point will still be used in the statistical analysis at T2/T3.



Study participants

Participants with CA who will receive research at the clinical Observation Cohort study of CA (NCT04010214) in the Department of Neurology, the First Affiliated Hospital of Fujian Medical University from August 2022 to April 2023 by our investigators will be identified for their eligibilities. All eligible participants will get access to the specific treatment plans and they can register directly to attend the trial for randomization. All potential risks will be informed in the consent. The withdrawal reason will be carefully recorded if any participant quits halfway. To maximize trial compliance, potential risks, requirements, the study schedule, and benefits will be fully explained to all recruited participants.

Participants will be instructed to avoid any anti-rehabilitation treatment for CA during the study. All participants will have freedom to quit at any time and choose other medical therapy strategies.




Eligibility criteria


Inclusion criteria




• 1 Inclusion Criteria for SCA3 patients:

• 1.1 Detectable clinical symptoms and a confirmed diagnosis for SCA3.

• 1.2 18–80 years old.

• 1.3 Signed informed consent by patients or their family members.

• 1.4 3-30pre-study Scale for the Assessment and Rating of Ataxia (SARA).

• 2.Inclusion Criteria for MSA-C:

• 2.1 30–80 years old;

• 2.2 Clinically diagnose or probable MSA-C according to the latest MSA diagnostic criteria (Wenning et al., 2022);

• 2.3 <4 years MSA-C medical history;

• 2.4 Independent walk (or with assistance);

• 2.5 >3 years life expectancy;

• 2.6 Contraceptive measures for women of childbearing age.

• 3. Exclusion Criteria for both SCA3 and MSA-C:

• 3.1 Patients with medical history of stroke, encephalitis, and epilepsy.

• 3.2 Patients with serious cognitive and behavioral disorders, or mental illness.

• 3.3 Patients with severe medical illness (such as kidney failure, convulsions, stomach ulcers, liver disease) and uncontrolled high blood pressure or diabetes.

• 3.4 Patients with head injury, neurosurgery, or mental issues within the head.

• 3.5 Patients who took investigational products within 4 weeks prior to this enrollment, or who are pregnant or breastfeeding.

• 3.6 Patients with metallic particles in the eye, medical pumps like implanted cardiac pacemaker or neurostimulators, and surgical clips (above the shoulder line), etc.



Sample size calculation

Positive effect is supposed to occur in both groups according to previous report (Romano et al., 2015). The primary criterion was a ≥ 1.5 points SARA score decrease caused by 2 weeks of treatment. The SARA scores was expected to increase in 25% of placebo patients and 60% of the treated patients. 80% power was tested for 36 patients in each group, with a 35% δ between the groups, by using a bilateral test and 5% α. Taking 10% attrition rate in consideration, 40 patients for each group will be needed to reach a minimum total sample size of 72. Based on these calculations, we estimate that 80 SCA3 participants will enroll in the study.

Our sample size was calculated as previously described (Levin et al., 2019). This study is expected to produce α of 0.05 at 80% power for a treatment effect of 50% on the annual progression of the movement examination score on the Unified Multiple System Atrophy Rating Scale (UMSARS); this contains 4 points from the active group and 8 points from the placebo group, which is above the minimal clinically detectable significant level of 3.8 points (Krismer et al., 2016). Therefore, we conducted this study to determine whether active tACS treatment would have a positive effect on MSA-C patients. The target total patients was 84, with an expected attrition rate of 10%.



TACS intervention

Professional doctors will guide the participants to accept Active tACS (A-tACS) or Sham tACS (S-tACS) intervention under the same conditions during all sessions for 2 weeks. The tACS session was delivered via three 0.9% NaCl soaked surface sponge electrodes (5X7cm) on a current stimulator (Neustim NSS18, Neuracle, Changzhou, China). The return electrode was placed 2 cm below the inion and the two active electrodes were over the bilateral buccinator muscles. After computational modeling of electric field distribution, we chose this tACS particular montage with an extracephalic electrode, which can lead to significant entrainment of brain oscillations (Sadeghihassanabadi et al., 2022). Electrodes are fixed with elastic gauze and coated with conductive gel to reduce contact resistance (<5 kΩ).

An alternating sinusoidal current of 1 mA peak-to-baseline with a frequency of 70 Hz was used to stimulate the A-tACS throughout the whole behavioral treatment session (40 min) based on previous studies (Hong-Xing et al., 2020; Wang et al., 2022). The molecular mechanism of tACS remains unclear (Wessel et al., 2022). Currently, γ-tACS is most commonly applied into neurodegeneration and psychiatric disorders, γ-band is about 30 ~ 80 Hz, the electrical activity of the brain is mainly involved in cognitive function (Hu et al., 2021; Grover et al., 2022), motor function (Wessel et al., 2020; Giustiniani et al., 2021; Miyaguchi et al., 2022), and abnormal γ activity is commonly seen in various neuropsychiatric diseases. Therefore, gamma waves were selected in our study to explore the efficacy in cerebellar ataxia. For the S-tACS stimulation, the electrode placement was as the same as A-tACS, but the current was gradually decreased 40s after stimulus onset to simulate the experimental stimulus; in this manner, patients were blinded whether they were treated with active or sham tACS.

Participants were asked to sit in a bright and quiet room during all stimulation period, with their eyes open but no speaking and no large movement. Each participant will receive 10 interventions within 2 weeks, once a day from Monday to Friday. To examine differences between simulated perceptions, participants need to answer whether they feel they were treated with real or sham stimulation, and whether they experienced tingling skin sensations or phosphenes/light flickers. Sensations were rated from 0 (no sensation) to 4 (very strong sensations). The treatment type (A-tACS vs. S-tACS) was encoded in the in-house software and was masked for both patients and the researchers. Researchers only needed to enter a patient name and session number to start stimulation, but the technician confirmed whether an active or sham stimulation was delivered after each treatment was done.



Outcome measures

Considering the wide clinical signs and symptoms of CA, various outcome measures which were validated for CA were selected to determine the improvement degrees of motor and non-motor functions. Measurements will be carried out under supervision, and data will be collected by specialist examiners or trained doctors. All results were obtained at baseline, weeks 2, 6, and 14, respectively (Table 1).



TABLE 1 Schedule of enrolment, interventions, and assessments.
[image: Table1]



Primary outcome measurements

The primary outcome for both SCA3 and MSA-C was the difference between the active and placebo groups in the proportion of patients with an improvement of 1.5 points in SARA score after 2 weeks of treatment. SARA (Schmitz-Hübsch et al., 2006) consists of 8 items: sitting, gait, finger chase, stance, speech disturbance, fast alternating hand movements, heel-shin slide, and nose-finger test. Higher score represents worse performance. SARA scoring will be done by experienced but blinded investigators under videotaping.

There was an alternative primary outcome for MSA-C, which was the difference in total UMSARS score between the two groups being treated for 2 weeks. The UMSARS consists of four parts (I, II, III, and IV) (Wenning et al., 2004), in which UMSARS-I and II are usually taken as key endpoints during clinical trials (Palma et al., 2022).



Secondary outcome measurements

Except for the cardinal symptom of ataxia, there are a variety of complex non-motor symptoms in SCA3 and MSA-C, including cognitive and emotional impairments, fatigue, sleep disorders, and dysfunction of the autonomic nerve. Therefore, in order to comprehensively analyze the treatment effect and its duration, we further studied the variation of a series of motor and non-motor indicators as the secondary outcome measurements at the end of the treatment and at 1 and 3 months after the treatment.



Assessment of symptom of ataxia

To further investigate the treatment effect in ataxia, we adopted ICARS, which is a widely used scale for the ataxia severity measurement. The ICARS is composed by 19 items from four subscales, including 7 posture and gait disturbances, 7 kinetic functions, 2 speech disorders, and 3 oculomotor disorders. The total 0–100 scores allow for individual subscore’s analysis (Trouillas et al., 1997).



Assessment of non-motor symptoms

To investigate whether the treatment improves the non-motor symptoms, the following scales are used: The Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005) and The Mini-Mental State Examination (MMSE) (Folstein et al., 1975) for evaluating cognitive change; Hamilton Anxiety Scale (HAMA) (HAMILTON Hamilton, 1959) and Hamilton Rating Scale for Depression (HAMD-17) (Lin et al., 2018) for evaluating the changes in the status of anxiety and depression, respectively; The 14-item Fatigue Scale (FS-14) (Chalder et al., 1993) for evaluating symptoms of fatigue; finally, Sleep habits self-assessment (Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989) and Epworth Sleepiness Scale (ESS) (Johns, 1991) are used for investigating the improvement in sleep disturbance.



Assessment of life ability and quality of life

To explore whether the treatment improves life quality of patients, the EuroQol Five-dimensional questionnaire (EQ-5D) and the Multiple System Atrophy Quality of Life questionnaires (MSA-QoL) are used for the participants of SCA3 and MSA-C, respectively. EQ-5D is an ordinal quality of life scale that can address the problems from mobility, selfcare, usual activities, pain/discomfort, or anxiety/depression (Bolzan et al., 2022). MSA-QoL is a MSA-specific self-report assessment. MSA-QoL and UMSARS have the same motor subscales (Schrag et al., 2007).



Assessment of dysfunction of autonomic nerve

To explore whether the treatment improves the symptoms of dysfunction of the autonomic nerve in participants of MSA-C, the SCOPA-Aut questionnaire (0–69) is assessed (Visser et al., 2004). The scores of 26 SCOPA-Aut items range from 0 to 69, with higher scores indicating more severe symptoms.



Assessment of finger dexterity

The 9-Hole Peg Test (9HPT) were performed under limited time to examine the finger dexterity and upper limb coordination as previously described (Feys et al., 2017).



Assessment of dysarthria

We used the speech sounds to analyze the following parameters through the DIVAS2.5 voice analysis system (Wuyts et al., 2000): (1) Fundamental frequency perturbation (Jitter) and amplitude perturbation (Shimmer) reflect the stability of vocal cord vibration, which is related to the degree of roughness and hoarse sound, (2) Intensity (including maximum intensity (SPLmax)), minimum intensity (SPLmin) and range of intensity (SPLrng), reflects the maximum, minimum and range of sound intensity during phonation, and is related to the closure degree of the glottis, (3) The longest articulation time (MPT) assesses respiratory function and glottic closure, and (4) Dysphonia severity index (DSI) is a comprehensive evaluation parameter of pronunciation.



Assessment of gait imbalance

To objectively and quantitatively evaluate the improvement of gait after the treatment, we used a gait analysis system, which consists of a gait acquisition system and gait analysis software. The gait acquisition system consists of two smart insoles (20 sensing points) and two nine-axis gyroscopes. The smart insoles are placed in the shoes for the left and right feet, and the gyroscopes are placed on the toes of the left and right feet, respectively.

The subjects wore the gait acquisition system and completed three tasks at designated locations: (1) 3 min-standing with eyes open, (2) 3 min-standing with eyes closed, and (3) walking in the corridor at a normal speed for 20 m. A series of gait parameters are then processed and calculated in gait analysis software: (1) Gait speed (meters walked per second), (2) Step length (distance between left heel and right foot contact point) (in meters), (3) Cadence (steps per minute), (4) Gait cycle (the time from when one heel hits the ground to when the heel hits the ground again) (in seconds), (5) Single support phase (percentage of the gait cycle from the time when one heel hits the ground to the time when the toe leaves the ground on this side), (6) Double support phase (percentage of gait cycle during which one side is single support period and the other side is also single support period), (7) Toe-out angle (the angle between one side of the foot and the walking direction during the walking phase) (in degree), (8) Toe-off angle (the angle when one toe leaves the ground) (in degree), (9) Average value of plantar pressure (in N), (10) Variance of plantar pressure, (11) Variation coefficient of step length (step length average/standard deviation), and (12) Variation coefficient of gait cycle (gait cycle average/standard deviation).



Assessment of neuroimaging characters

To explore the possible mechanism of the treatment, we performed Resting-state functional magnetic resonance imaging (RS-fMRI), which can reflect neural activity through blood oxygen level-dependent (BOLD) signals and be used to analyze functional changes of the brain. There are three commonly used indicators for RS-fMRI: (1) Amplitude of low frequency (ALFF) indicates the intensity of brain activity in a specific region and (2) ReHo is an indicator for the synchronization of neuronal activity (Zang et al., 2004); Functional connectivity (FC) represents the synchronization of different neurophysiological events with spatial distance (Friston et al., 1993), identifies reliable patterns of covarying brain signals that indicate neural activity.

For the magnetic resonance image acquisition and data preprocessing, all participants used the same neuroimaging process via a Skyra scanner (3.0 Tesla Siemens) with a 20-channel head and neck coil, in which a head holder is set to minimize the head movement. Sagittal anatomical images were obtained using T1-weighted three-dimensional (3D) magnetization prepared rapid gradient echo (MP-RAGE) sequences with the following scan parameters: Repetition time (TR) = 2,300 ms, echo time (TE) = 2.3 ms, reversal time (TI) = 900 ms, flip Angle = 8°, field of view (FOV) = 240 mm × 256 mm, matrix size = 240 × 256, Bandwidth = 200 Hz/Px, slice = 192, voxel size = 1 mm × 1 mm × 1 mm, total acquisition time = 5 min and 12 s. All MRI data were quality-controlled by an experienced radiologist.

The data of resting-state functional Magnetic Resonance Imaging (RS-fMRI) were pre-processed by using MATLAB R2016b-DPARSFA. The image preprocessing process is as follows: (1) The first ten functional images were discarded for signal equilibration, (2) The remaining volumes were co-registered to the individual’s corresponding MPRAGE image after the slice-timing correction and spatial realignme, (3) The anatomical images of gray matter, white matter (WM), and cerebrospinal fluid (CSF) were normalized to a 3x3x3mm3 space according to the Montreal Neurological Institute (MNI) standard, (4) The WM-and CSF-extracted average signals and the head movements estimated from the Friston 24-parameter model were used for physiological noise removal by nuisance regression, and (5) Detrend and bandpass filtering (0.01–0.09 Hz).

The amplitude of low frequency (ALFF) value was calculated as described (Kiviniemi et al., 2004). After subtracting the mean, ALFF was divided by the whole-brain voxel bias, followed by the normalization to make a Z-distribution, and the bandpass filtering.

The similarity between a single voxel and its surrounding 27 voxels was analyzed based on Regional homogeneity (ReHo) using Kendall’s coefficient of consistency (KCC). The individual ReHo value was divided by the average ReHo value of all groups. And finally, a 6-mm smoothing check was used to smoothen the ReHo brain map spatially (Zang et al., 2004).

The connections between seed points and the whole brain were examined by FC. If there is a statistical relationship between the time series of two regions, it can be assumed that the functional behavior of the two regions is correlated and that they are coupled to each other or are components of the same network. First, a seed region of interest was mapped out, and second, time series was extracted to perform Pearson correlation analysis with other regions; the goal was to examine whether the activity patterns of other brain regions were time-related to the activity patterns observed in the seed region.



Safety variables

Vital signs will be examined at baseline, week 2, 6, and 14, respectively. All AEs collected will be recorded in the case report form (CRF) and their duration, severity, development, and causal relationship to the tACS will be evaluated. Once serious AEs occur (such as hospitalization, risk of death, significant or persistent disability, or incapacity), their details should be recorded in CRF, reported to the local ethics committee, principal investigators, and the China FDA within 24 h, and tracked until their disappearance or losing clinical significance. In addition, the adverse reactions during the treatments will be recorded by the self-made questionnaire (Wang et al., 2022) consisting of 18 items will be used to evaluate whether each in our study participant has the common tACS-associated AEs, such as adverse reactions.



Data processing and quality control

To ensure the rigor of this study, the whole process will be carried out strictly according to Guidelines for Good Clinical Practice of the International Conference on Harmonisation (ICH). Data will be collected from baseline, week 2, 6, and 14, respectively (Table 1). All investigators, trial supervisors, and raters involved in the study must be trained before they participate in communicating and instructing participants, assessing, collecting data, and completing the CRF. Double entries of data into the software DeZhentech EDV V1.0 (Dezhen, China) will be finished by two independent investigators, and these electronic data will be stored on a secure university server with regularly back-up and password protection. DeZhentech EDV V1.0 has an authority management mechanism associated with personnel and roles and a strict data audit mechanism to fully protect the security of data utilisation. Double-check will be performed to correct inconsistent entries or typos. The details of the quit participants, including reasons, date, AEs, and duration of the treatment, will be recorded. The final trial dataset, including the intent-to-treat and per-protocol dataset will be analyzed by an independent statistician.



Statistical analysis

SPSS statistical software (version 26.0, United States) was used for statistical analysis. p < 0.05 represents significant difference. All tests are two-sided. Mean and standard deviation will be used for continuous variables, and frequency and percentage will be used to represent categorical variables. Regarding the comparison between groups, the continuous and categorical variables between groups were tested by Mann–Whitney U and the Chi-square test (or Fisher exact test), respectively. The intention-to-treat analysis works for the primary outcome, with worst-case imputation and repeated continuous outcomes represented by a mixed linear model.




Discussion

The therapeutic effects of a cerebellar tACS in CA patients will be evaluated by our designed trial which is randomised, double-blind, and sham-controlled. We observed that patients with less severe ataxia showed the largest decrease, which is consistent with a previous study (Benussi et al., 2017) and suggests the regulation of motor activity by the volume of viable cerebellar cortex via the cerebello-thalamocortical connections. For this reason, our study will include individuals who were affected by CA mildly to moderately. In this trial, we mainly aim to investigate the effects of cerebellar tACS on CA severity, we also display the defective spectrum in SCA3 patients by using various outcome measures.

TACS is a common non-invasive form of brain stimulation (Antal et al., 2008; Bologna et al., 2019), which transfers low-intensity sinusoidal alternating current to the scalp and regulates its internal nerve oscillation (Elyamany et al., 2021) by forcing the resting membrane potential to a slightly-increased depolarisation or hyperpolarisation (Wu et al., 2021). In the depolarisation state, stochastic resonance occurs (Fertonani and Miniussi, 2017), and it locks the firing time of neurons to the increased stimulation frequency (Del Felice et al., 2019). Therefore, tACS can regulate (but not dominant) the causal relationship between neural activity and behavior (Herrmann et al., 2013).

Compared with the direct current stimulation of tDCS, tACS delivers current in a bidirectional manner (Kim et al., 2021). The advantage of tACS is its ability to manipulate and modulate inherent brain oscillations by inputting sinusoidal, biphasic alternating current (Yavari et al., 2018). In some frequency ranges, tACS treatment can induce endogenous brain oscillations, and when the amplitude of this stimulation increases, it causes the brain to oscillate over a wider frequency range (Ali et al., 2013). The tACS, whose current phases alternate regularly between positive and negative voltages, have been shown to be more effective than tDCS in regulating brain oscillations (Ali et al., 2013). Another advantage of tACS is that it can completely bypass sensory stimuli and induce endogenous oscillations through an external, barely perceptible alternating current, in which the endogenous oscillations are synchronized with the exogenous, rhythmic stimuli (Herrmann et al., 2013). So we want to bring this potential treatment to CA patients.

Although we obtained some valuable data from this trial and they will provide non-pharmacological interventions to treat ataxia severity with minimal side effects, but this trial also has some limitations. Firstly, the study is performed in a single centre, thus it may not represent the results from other regions (The Han nationality is the majority in China). Secondly, the intervention duration may not be long enough and it is uncertain how many interventions will bring the best effect. Thirdly, still have some to-be-solved questions, including whether (and to what extend) other characteristically differences in patients may influence outcomes (Fava et al., 2017). We will perform further researches to improve the outcomes of this trial in the future.
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Background: Post-stroke cognitive impairment (PSCI) is a significant health concern. Transcranial magnetic stimulation (TMS) is considered a promising rehabilitation therapy for improving cognition, and the effects of excitatory TMS on PSCI have received much attention in recent years. However, the effects of different cerebral hemispheres on excitatory TMS treatment of cognitive impairment have not been studied. This review aimed to study the effects of excitatory TMS over the dorsolateral prefrontal cortex (DLPFC) of different cerebral hemispheres on the cognitive function of patients with PSCI.

Methods: Literature published in PubMed, Web of Science, Embase, Cochrane Library, Scopus, and Wiley from inception to September 30, 2022, were searched. Two researchers independently performed literature screening, data extraction, and quality assessment. Furthermore, we conducted a meta-analysis using RevMan software (version 5.4) and rated the strength of evidence using GRADEpro.

Results: A total of 19 studies were included in this meta-analysis. The results showed that excitatory TMS over the left hemisphere DLPFC was significantly better in improving global cognition (SMD = 2.26, 95% CI 1.67–2.86, P < 0.00001; vs. SMD = 2.53, 95% CI 1.86–3.20, P < 0.00001), memory (SMD = 1.29, 95% CI 0.72–1.87, P < 0.0001), attention (SMD = 2.32, 95% CI 1.64–3.01, P < 0.00001), executive (SMD = 0.64, 95% CI 0.21–1.07, P = 0.004), P300 latency (SMD = 2.69, 95% CI 2.13–3.25, P < 0.00001), and depression (SMD = 0.95, 95% CI 0.26–1.63, P = 0.007) than that of the control group, but the effect on improving activities of daily living (ADL) was unclear (P = 0.03 vs. P = 0.17). Subgroup analysis further showed that excitatory TMS over the right hemisphere DLPFC was effective in improving the global cognition of PSCI patients (P < 0.00001), but the stimulation effect over the ipsilateral hemisphere DLPFC was unclear (P = 0.11 vs. P = 0.003). Additionally, excitatory TMS over the ipsilateral hemisphere DLPFC showed no statistical difference in improving ADL between the two groups (P = 0.25).

Conclusions: Compared to other hemispheric sides, excitatory TMS over the left hemisphere DLPFC was a more effective stimulation area, which can significantly improved the global cognitive function, memory, attention, executive, P300 latency, and depression in patients with PSCI. There was no apparent therapeutic effect on improving activities of daily living (ADL). In the future, more randomized controlled trials with large-sample, high quality, and follow-up are necessary to explore a usable protocol further.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/, identifier: CRD42022369096.
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stroke, transcranial magnetic stimulation, dorsolateral prefrontal cortex, cognitive function, meta-analysis


1. Introduction

Stroke, a cerebrovascular disease with high mortality and disability rates, can expose survivors to various dysfunctions. Cognitive impairment is a common post-stroke complication with an incidence of 20–80% (Huang et al., 2022). Notably, post-stroke cognitive impairment (PSCI) refers to a series of syndromes that meet the diagnostic criteria of cognitive dysfunction within 6 months after the clinical event of stroke (Rost et al., 2022), mainly manifested in memory decline, inattention, and executive dysfunction. According to epidemiological data, 17–92% of stroke patients experience cognitive impairment within 3 months after onset (Snyder et al., 2015), severely impacting activities of daily living (ADL) and quality of survival.

Traditional cognitive rehabilitation has primarily improved function through pharmacological therapy or compensatory strategies. Unfortunately, evidence for such effects remains limited and clinical efficacy is poor (Zhao et al., 2021). In recent years, transcranial magnetic stimulation (TMS), a non-invasive neuromodulation technique, is applied to the cerebral cortex with a pulsed magnetic field to induce changes in its local or distal neural activity (Kobayashi and Pascual-Leone, 2003). According to the different modulations of cortical excitability, TMS can be divided into excitatory and inhibitory types (Gilio et al., 2007). Excitatory TMS includes high-frequency rTMS (HF-rTMS) and intermittent theta burst stimulation (iTBS), which can promote neuronal activity (Wang et al., 2018). In contrast, inhibitory TMS includes low-frequency rTMS (LF-rTMS) and continuous theta burst stimulation (cTBS), which can inhibit neuronal activity (Li et al., 2021a).

From literature reviews, most studies performed excitatory TMS treatment over the dorsolateral prefrontal cortex (DLPFC) of patients with PSCI. It is well known that DLPFC is closely related to the process of cognitive control and plays an important role in the recovery of memory, attention, execution, and other cognitive functions after stroke (Chen et al., 2013; Webler et al., 2022). Studies have shown that Excitatory TMS over the DLPFC can affect intracerebral metabolism and increase cortical excitability, altering neuronal activity in the target cortical area and functional connectivity between brain networks to improve cognitive function in patients with PSCI (Wilson et al., 2018; Wu et al., 2021).

DLPFC is a relatively large area (Siebner and Rothwell, 2003), and the application sites of excitatory TMS in the treatment of cognitive impairment are different. Four studies (Ding et al., 2019; Wang et al., 2019, 2021; Cha et al., 2022) applied high-frequency rTMS over the ipsilateral hemisphere DLPFC in patients with PSCI, while Bie and Wang (2011) over the right DLPFC, and all of these studies have reported certain positive effects in improving the cognition of patients. In recent years, we have found that more studies have focused on excitatory TMS treatment over the left hemisphere DLPFC for PSCI patients to improve cognition. However, the difference between the left and right hemispheres is an important effect factor, and there is a lack of research on stimulating DLPFC over different cerebral hemispheres to treat cognitive impairment with TMS. Therefore, the application site of excitatory TMS remains controversial (Yang et al., 2015b). Based on this, the aim of this study was to analyze the effects of excitatory TMS over the DLPFC of different cerebral hemispheres on cognitive function in patients with PSCI.



2. Methods

This review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Moher et al., 2015). It was registered in the International Prospective Register of Systematic Reviews (CRD42022369096).


2.1. Search strategy

Two investigators independently performed the literature published in PubMed, Web of Science, Embase, Cochrane Library, Scopus, and Wiley from inception to September 30, 2022. Additionally, we manually searched all reference lists of the selected articles and related review articles, and we used the same search terms in Google Scholar to perform additional searches. We used the search terms “transcranial magnetic stimulation,” “stroke,” and “cognitive function,” or their synonyms. The detailed search strategy is provided in Supplementary Table S1.



2.2. Selection of studies

Studies were included in this study if they met the following criteria: (1) population: adult patients (≥18 years) diagnosed with stroke and cognitive dysfunction; (2) intervention: HF-rTMS or iTBS over the DLPFC, with or without conventional rehabilitation; (3) control: sham stimulation or placebo or blank control, with or without conventional rehabilitation; (4) results: measures that evaluated the global cognition or memory or attention or execution; (5) study type: randomized controlled trials (RCTs) or prospective controlled trials (PCTs); (6) language: English and Chinese.



2.3. Data collection and extraction

Two researchers (HKY, LJJ) independently screened the literature, extracted information, and cross-checked it. In case of disagreement, a third researcher (TZQ) reviewed until a consensus was reached. For every study, we extracted the following information: the name of the first author, the year of publication, country, dysfunction diagnosis, sample size, patient characteristics (gender, age, onset time of stroke, and education), intervention protocol (site of stimulation, type of TMS, frequency, intensity, and duration), control condition, outcome measures, follow-up, drop-out rate, and PEDro score. We emailed the authors for questionable or incomplete data to clarify or add the missing information. Only data immediately after the intervention were extracted for studies that included post-intervention and follow-up data. If the results were only presented graphically, we used GetData Graph Digitizer 2.20 to extract the required data (Zhang et al., 2017).



2.4. Risk of bias and quality assessment

Two reviewers (HKY, LJJ) independently assessed the bias of the included studies according to the Cochrane Handbook for Systematic Reviews of Interventions (Higgins et al., 2011), and disagreements were resolved by discussing with the third reviewer (TZQ). The assessment items included selection bias, performance bias, detection bias, attrition bias, reporting bias, and other biases. Each item was rated as “high,” “low,” or “unclear.”

The PEDro scale (consisting of 11 items) was used to assess the methodological quality of the included studies, and studies with a score of <6 were considered low-quality (Cashin and McAuley, 2020). Furthermore, we used the online GRADEpro to assess the quality of evidence for pooled results in this meta-analysis, including the risk of bias, inconsistency, indirectness, imprecision, and publication bias (Cui et al., 2019).



2.5. Statistical analysis

We used RevMan 5.4 to perform the meta-analysis. The Mini-mental state examination (MMSE) and Montreal cognitive assessment (MoCA) were used to assess patients' global cognitive function. The Rivermead behavioral memory test (RBMT) was used to assess memory. The Trail Making Test (TMT), Digit Symbol Test (DST), and Digital Span Test (DS) were used to evaluate attention. The Stroop Color and Word test (SCWT) was used to assess executive function. The Modified Barthel Index (MBI) and independent function measure (FIM) were used to assess the ADL. The event-related potential (ERP) P300 was used to evaluate cognitive deterioration, and Beck's Depression Inventory (BDI) was used to assess depression. Since all data were continuous information and measuring the same outcome using different scales, we selected Standardized Mean Difference (SMD) with 95% confidence intervals (CIs). We used the Cochrane Q statistic to qualitatively determine whether heterogeneity existed among the included studies (test level α = 0.05), while the I2 statistic to assess the magnitude of heterogeneity quantitatively. If P ≥ 0.1 and I2 ≤ 50%, the heterogeneity was considered insignificant, and we selected the fixed-effect (FE) model. Conversely, we selected the random-effect (RE) model and performed a subgroup analysis and sensitivity analysis to identify factors that might cause heterogeneity. Descriptive analysis was used if the source of heterogeneity could not ultimately be determined.




3. Results


3.1. Study selection

We initially retrieved 2,886 articles from 6 databases, and tools removed 2,118 articles before the screening. The 719 articles that did not meet the criteria were removed after reading the title and abstract, and one article was not retrieved. After that, the remaining 48 articles were read in full text, of which 19 articles had no eligible controls, 6 articles had no relevant outcomes, and 4 articles could not get complete data. Finally, 19 articles were included in this meta-analysis (Kim et al., 2010; Bie and Wang, 2011; Liu et al., 2017, 2020; Zheng et al., 2017, 2020; Yin et al., 2018, 2020; Ding et al., 2019; Luo and Yu, 2019; Wang et al., 2019, 2021; Zhang and Zou, 2019; Li et al., 2020, 2022; Tsai et al., 2020; Zhang et al., 2020, 2022; Cha et al., 2022) (Figure 1).


[image: Figure 1]
FIGURE 1
 PRISMA flowchart of study selection.




3.2. Study characteristics

A total of 19 studies, 17 randomized controlled studies, and 2 prospective controlled studies were included in this meta-analysis. The mean age range of the subjects was 49.07 ± 9.26 (Zhang et al., 2020) to 66.80 ± 17.20 years (Kim et al., 2010), the mean onset time of stroke was 2.73 ± 1.26 (Zheng et al., 2017) to 33.27 ± 26.40 months (Tsai et al., 2020), and the mean years of education was 7.13 ± 4.05 (Ding et al., 2019) to 14.00 ± 2.80 years (Tsai et al., 2020). Regarding the diagnosis of dysfunction, participants in fourteen, one, two, one, and one studies were diagnosed with post-stroke cognitive impairment (Kim et al., 2010; Yin et al., 2018, 2020; Ding et al., 2019; Luo and Yu, 2019; Wang et al., 2019, 2021; Zhang and Zou, 2019; Li et al., 2020, 2022; Tsai et al., 2020; Zheng et al., 2020; Cha et al., 2022; Zhang et al., 2022), post-stroke mild cognitive impairment (Bie and Wang, 2011), post-stroke vascular cognitive impairment (Zheng et al., 2017; Zhang et al., 2020), post-stroke attention impairment (Liu et al., 2020), and post-stroke executive impairment (Liu et al., 2017), respectively. Regarding the stimulation type, 18 studies used HF-rTMS (Kim et al., 2010; Bie and Wang, 2011; Liu et al., 2017, 2020; Zheng et al., 2017, 2020; Yin et al., 2018, 2020; Ding et al., 2019; Luo and Yu, 2019; Wang et al., 2019, 2021; Zhang and Zou, 2019; Li et al., 2020; Tsai et al., 2020; Zhang et al., 2020, 2022; Cha et al., 2022) and 2 studies (Tsai et al., 2020; Li et al., 2022) used iTBS. Regarding the stimulation side of the different cerebral hemispheres, fourteen, one, and four studies selected the left DLPFC (Kim et al., 2010; Liu et al., 2017, 2020; Zheng et al., 2017, 2020; Yin et al., 2018, 2020; Luo and Yu, 2019; Zhang and Zou, 2019; Li et al., 2020, 2022; Tsai et al., 2020; Zhang et al., 2020, 2022), right DLPFC (Bie and Wang, 2011), and ipsilateral DLPFC (Ding et al., 2019; Wang et al., 2019, 2021; Cha et al., 2022), respectively. Regarding the stimulation intensity, eleven, two, three, and one studies were set at 80% (Kim et al., 2010; Bie and Wang, 2011; Zheng et al., 2017, 2020; Yin et al., 2018, 2020; Zhang and Zou, 2019; Tsai et al., 2020; Zhang et al., 2020, 2022; Wang et al., 2021), 90% (Liu et al., 2017, 2020), 100% (Li et al., 2020, 2022; Cha et al., 2022), and 110% (Ding et al., 2019) of the resting motor threshold (RMT), respectively. In regards to the stimulation duration, six, two, eight, one, and two studies performed TMS treatment for 2 weeks (Kim et al., 2010; Bie and Wang, 2011; Ding et al., 2019; Tsai et al., 2020; Cha et al., 2022; Li et al., 2022), 3 weeks (Luo and Yu, 2019; Li et al., 2020), 4 weeks (Liu et al., 2017, 2020; Yin et al., 2018, 2020; Wang et al., 2019; Zhang and Zou, 2019; Zheng et al., 2020; Zhang et al., 2022), 6 weeks (Zheng et al., 2017), and 8 weeks (Zhang et al., 2020; Wang et al., 2021), respectively. Furthermore, only three studies performed follow-up assessments (Bie and Wang, 2011; Ding et al., 2019; Cha et al., 2022). The characteristics of the included studies are detailed in Supplementary Table S2.



3.3. Risk of bias and quality assessment

Among the 19 studies included in this meta-analysis, 17 studies performed randomization (Kim et al., 2010; Bie and Wang, 2011; Liu et al., 2017, 2020; Zheng et al., 2017, 2020; Yin et al., 2018; Ding et al., 2019; Luo and Yu, 2019; Wang et al., 2019, 2021; Zhang and Zou, 2019; Li et al., 2020, 2022; Tsai et al., 2020; Zhang et al., 2022), 3 studies performed allocation concealment (Liu et al., 2020; Tsai et al., 2020; Li et al., 2022), 12 studies were blinded to participants and personnel (Kim et al., 2010; Bie and Wang, 2011; Liu et al., 2017, 2020; Yin et al., 2018; Luo and Yu, 2019; Zhang and Zou, 2019; Li et al., 2020, 2022; Tsai et al., 2020; Zheng et al., 2020; Wang et al., 2021), and 11 studies were blinded to assessors (Kim et al., 2010; Liu et al., 2017, 2020; Zheng et al., 2017, 2020; Yin et al., 2018; Luo and Yu, 2019; Zhang and Zou, 2019; Li et al., 2020, 2022; Wang et al., 2021). Additionally, one study reported attrition bias (Zheng et al., 2020) and the other study reported other bias (Wang et al., 2021), respectively, and all studies had no reporting bias (Figure 2).
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FIGURE 2
 Results from the Cochrane risk of bias (ROB) tool. (A) ROB graph, (B) ROB summary.


The PEDro scale demonstrated that 12 studies were of excellent quality (Kim et al., 2010; Liu et al., 2017, 2020; Yin et al., 2018; Ding et al., 2019; Luo and Yu, 2019; Zhang and Zou, 2019; Li et al., 2020, 2022; Tsai et al., 2020; Zheng et al., 2020; Wang et al., 2021) and 7 studies were of good quality (Bie and Wang, 2011; Zheng et al., 2017; Wang et al., 2019; Yin et al., 2020; Zhang et al., 2020, 2022; Cha et al., 2022) in this meta-analysis. For global cognitive function, the GRADE ratings (Zhang et al., 2018) indicated the reliability of excitatory TMS for improving global cognition were both “moderate” using the MMSE and MoCA as outcome measures, respectively (Table 1).


TABLE 1 Summary of the GRADEpro.
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3.4. Effects of excitatory TMS over the DLPFC in patients with PSCI
 
3.4.1. Global cognition

Nine studies (Bie and Wang, 2011; Liu et al., 2017, 2020; Zheng et al., 2017; Luo and Yu, 2019; Wang et al., 2019; Li et al., 2020; Zhang et al., 2020; Cha et al., 2022) used the MMSE to assess the efficacy of excitatory TMS on the global cognitive function in patients with PSCI and showed that the experimental group was significantly improved MMSE scores compared to the control group (SMD = 2.48, 95% CI 1.37–3.59, P < 0.0001) (Supplementary Figure 1A). Based on the different stimulation sides and due to higher heterogeneity, we performed subgroup and sensitivity analysis. The results showed that excitatory TMS over the left and right hemispheres DLPFC were both superior to the control group in improving the MMSE scores of the experimental group (SMD = 2.26, 95% CI 1.67–2.86, P < 0.00001; vs. SMD = 1.72, 95% CI 1.18–2.27, P < 0.00001). However, there was no statistical difference over the ipsilateral DLPFC to stimulation between the two groups (SMD = 0.74, 95% CI −0.16 and 1.63, P = 0.11) (Figure 3A).


[image: Figure 3]
FIGURE 3
 Forest plot of the efficacy of excitatory TMS over the DLPFC on global cognition in patients with PSCI compared to the control group (sensitive analysis). (A) MMSE, (B) MoCA.


Twelve studies (Zheng et al., 2017, 2020; Yin et al., 2018, 2020; Ding et al., 2019; Luo and Yu, 2019; Wang et al., 2019, 2021; Zhang and Zou, 2019; Li et al., 2020; Zhang et al., 2020, 2022) used MoCA to assess the efficacy of excitatory TMS on global cognitive function in patients with PSCI and showed that the experimental group demonstrated improved MoCA scores than the control group (SMD = 2.64, 95% CI 1.62–3.66, P < 0.00001) (Supplementary Figure 1B). Similarly, based on the different stimulation sides and due to the high heterogeneity, we performed subgroup and sensitivity analysis. Our results showed that excitatory TMS over the left and ipsilateral hemispheres DLPFC were both significantly better than that of the control group in improving the MoCA scores of the experimental group (SMD = 2.53, 95% CI 1.86–3.20, P < 0.00001; vs. SMD = 0.81, 95% CI 0.28–1.33, P = 0.003) (Figure 3B).



3.4.2. Memory

Two studies (Yin et al., 2018, 2020), both using RBMT, assessed the efficacy of excitatory TMS over the left hemisphere DLPFC on memory in patients with PSCI. They showed that the experimental group was significantly superior to the control group in improving memory (SMD = 1.29, 95% CI 0.72–1.87, P < 0.0001) (Figure 4).


[image: Figure 4]
FIGURE 4
 Forest plot of the efficacy of excitatory TMS over the left hemisphere DLPFC on memory in patients with PSCI compared to the control group.




3.4.3. Attention

Two studies (Liu et al., 2020; Zhang et al., 2022) assessed the efficacy of excitatory TMS over the left hemisphere DLPFC on attention in patients with PSCI. They showed that attention was significantly improved in the experimental group (SMD = 2.32, 95% CI 1.64–3.01, P < 0.00001) (Figure 5). Based on different neuropsychological tests, we performed a subgroup analysis. The changes in TMT-A, DST and DS scores showed that the experimental group were both significantly better than the control group in improving patients' attention intensity and durability, attention conversion, and auditory attention (SMD = 1.89, 95% CI 0.55–3.24, P = 0.006; vs. SMD = 3.13, 95% CI 2.35–3.91, P < 0.00001; vs. SMD = 2.37, 95% CI 1.81–2.93, P < 0.00001).


[image: Figure 5]
FIGURE 5
 Forest plot of the efficacy of excitatory TMS over the left hemisphere DLPFC on attention in patients with PSCI compared to the control group.




3.4.4. Execution

Two studies (Yin et al., 2018; Zhang et al., 2022) assessed the efficacy of excitatory TMS over the left hemisphere DLPFC on execution in patients with PSCI. Notably, we extracted the time-consuming and correct numbers for completing the Stroop-C section in the included studies to perform subgroup analysis. The results showed that the experimental group was significantly better than the control group in improving the number of corrects (SMD = 0.75, 95% CI 0.24–1.26, P = 0.004), but not statistically different in improving the time-consuming (SMD = 1.49, 95% CI −0.72 to 3.70, P = 0.19) (Supplementary Figure 2). Subsequently, we performed a sensitivity analysis to reduce heterogeneity, which decreased only after excluding one neuropsychological test, and the overall effect results on executive function remain unchanged (SMD = 0.64, 95% CI 0.21–1.07, P = 0.004) (Figure 6).


[image: Figure 6]
FIGURE 6
 Forest plot of the efficacy of excitatory TMS over the left hemisphere DLPFC on execution in patients with PSCI compared to the control group (sensitive analysis).




3.4.5. Activities of daily living

Eight studies (Kim et al., 2010; Bie and Wang, 2011; Zheng et al., 2017, 2020; Yin et al., 2018, 2020; Wang et al., 2019; Zhang and Zou, 2019) used MBI to assess the efficacy of excitatory TMS on ADL in patients with PSCI, and the result showed no statistical difference in improving MBI scores between the two groups (SMD = 1.02, 95% CI −0.63 to 2.68, P = 0.22) (Supplementary Figure 3). Based on the different stimulation sides and due to the higher heterogeneity, we performed subgroup and sensitivity analysis. We found that studies of stimulation over the right hemisphere DLPFC were an essential factor contributing to the high heterogeneity of the overall effect. Therefore, we pooled the effect after exclusion. Our results showed that excitatory TMS over the left hemisphere DLPFC was better than that of the control group in improving the MBI scores of the experimental group (SMD = 0.72, 95% CI 0.08–1.36, P = 0.03). However, there was no statistical difference over the ipsilateral hemisphere DLPFC to stimulation between the two groups (SMD = −0.30, 95% CI −0.81 to 0.21, P = 0.25). Furthermore, the pooled overall effect was not changed (SMD = 0.46, 95% CI −0.27 to 1.19, P = 0.21) (Figure 7A).


[image: Figure 7]
FIGURE 7
 Forest plot of the efficacy of excitatory TMS over the DLPFC on ADL in patients with PSCI compared to the control group. (A) MBI (sensitive analysis), (B) FIM.


Only two studies (Ding et al., 2019; Liu et al., 2020) used FIM to assess the efficacy of excitatory TMS over the left hemisphere DLPFC on ADL in patients with PSCI. The results also showed no significant difference between the two groups in improving FIM scores (SMD = 1.31, 95% CI −0.57 to 3.20, P = 0.17) (Figure 7B).



3.4.6. P300

Four studies (Ding et al., 2019; Zheng et al., 2020; Li et al., 2022; Zhang et al., 2022) used the P300 latency to assess the efficacy of excitatory TMS over the left hemisphere DLPFC on cognition in patients with PSCI. The results showed that with acceptable heterogeneity (P = 0.10, I2 = 52%), the experimental group was much better than the control group in improving P300 latency (SMD = 2.69, 95% CI 2.13–3.25, P < 0.00001) (Figure 8). Additionally, two studies (Zheng et al., 2020; Li et al., 2022) used P300 amplitude to assess the efficacy of excitatory TMS. However, we did not perform a meta-analysis because the data were not fully available.


[image: Figure 8]
FIGURE 8
 Forest plot of the efficacy of excitatory TMS over the left hemisphere DLPFC on P300 latency in patients with PSCI compared to the control group.




3.4.7. Depression

Two studies (Kim et al., 2010; Tsai et al., 2020) used BDI to assess the efficacy of excitatory TMS over the left hemisphere DLPFC on depression in patients with PSCI. They showed that the experimental group was superior to the control group in improving depression (SMD = 0.95, 95% CI 0.26–1.63, P = 0.007) (Figure 9).


[image: Figure 9]
FIGURE 9
 Forest plot of the efficacy of excitatory TMS over the left hemisphere DLPFC on depression in patients with PSCI compared to the control group.




3.4.8. Adverse events

Of the 19 studies included in this meta-analysis, 8 studies did not mention adverse events (Bie and Wang, 2011; Liu et al., 2017; Ding et al., 2019; Luo and Yu, 2019; Yin et al., 2020; Zhang et al., 2020, 2022; Wang et al., 2021), and 5 reported no adverse events (Kim et al., 2010; Zhang and Zou, 2019; Liu et al., 2020; Tsai et al., 2020; Cha et al., 2022). Five studies reported no obvious adverse events, of which three reported transient mild dizziness or headache, but all were tolerable and relieved with rest (Yin et al., 2018; Li et al., 2020; Zheng et al., 2020); one study reported stimulus-related sneezing symptoms (Li et al., 2022); one study reported patients with inattention or sleep disorders (Zheng et al., 2020). Only one reported the occurrence of seizures in patients (Wang et al., 2019). Thus, more extensive randomized controlled trials are needed to further confirm the efficacy and safety of TMS for PSCI in the future.





4. Discussion

Unlike previous studies, this is the first meta-analysis to explore the effects of excitatory TMS over the DLPFC in different cerebral hemispheres on cognitive function in patients with PSCI. Our results showed that excitatory TMS over the left hemisphere DLPFC significantly improved global cognitive function, memory, attention, executive, P300 latency, and depression in patients with PSCI. Additionally, it provided an evidence-based rationale for its clinical application.

As a non-invasive, painless, and safe neuromodulation technique, TMS is based on the principle of electromagnetic induction, where a stored energy capacitor rapidly discharges into the stimulation coil to generate a pulsed magnetic field. In doing so, it creates a painless current to stimulate neurons while affecting the neural activity and cortical excitability in the brain (Rossi et al., 2009). Our study focused on excitatory TMS, including HF-rTMS and iTBS. ITBS is an optimized mode of rTMS with the advantages of low stimulation intensity, short cycle, and long benefit (Pinto et al., 2021). Importantly, the results showed that excitatory TMS improved the cognitive function of patients with PSCI. This is consistent with the findings of Selingardi et al. (2019), which showed that excitatory TMS could promote local nerve regeneration, enhance neuroplasticity and intercortical connectivity, and thus improve cognitive function.

The DLPFC, a common target brain region for TMS research and application, involves various cognitive functions such as memory, attention, and execution (Baker et al., 2014; Panikratova et al., 2020). Consistent with the results of our study, Tsai et al. (2020) found that iTBS intervention over the left hemisphere DLPFC improved the global cognition and memory function of stroke patients. On this basis, this study further performed subgroup analysis and, for the first time, explored the efficacy difference of excitatory TMS over the DLPFC in different hemispheres to improve cognitive function, ADL, and depression. The results showed that the left hemispheric DLPFC was a more effective treatment area than excitatory TMS treatment on the ipsilateral and right hemispheres DLPFC. The left hemisphere DLPFC, a key node of the central executive network (CEN) (Bigliassi and Filho, 2022), is closely related to advanced cognitive functions such as working memory, episodic memory, and selective attention. Furthermore, studies have shown that excitatory TMS over the left hemisphere DLPFC can improve cognition in patients by promoting corticospinal excitability (Guse et al., 2010; Li et al., 2020). Motes et al. (2018) also observed by functional magnetic resonance imaging (fMRI) that the improvement in cognitive function was strongly correlated with enhanced neural activity over the left hemisphere DLPFC.

Following a stroke, patients often have changes in brain tissue structure due to insufficient blood and oxygen supply to the brain (D'Souza et al., 2021), gradual degeneration of brain nerves with neuronal loss, and damage to the conduction pathways of neurotransmitters such as acetylcholine, causing impairment in brain cell information transmission, which gradually manifests as cognitive impairment (Girouard and Iadecola, 2006). Our study showed that excitatory TMS over the left hemisphere DLPFC significantly improved memory, attention, executive, and global cognitive function in patients with PSCI. Notably, the improvement of cognitive function can be attributed to multiple factors. First, excitatory TMS can reduce the inhibitory control of pyramidal cells to increase excitatory output (Cirillo et al., 2017), increase cerebral blood flow, improve brain cell metabolism, promote white matter repair and growth, and thereby repair cognitive circuits (Wu et al., 2021). Second, cognitive function is improved by binding DLPFC to the caudate nucleus, promoting the expression of neurotrophic factors and increasing the release of neurotransmitters (Anderkova and Rektorova, 2014; Hoy et al., 2016). Third, the left hemisphere DLPFC contains the vital cognitive function network (Gomes-Osman et al., 2018), excitatory TMS over the left hemisphere DLPFC can also increase cortical excitability and neuroplasticity by inducing long-term potentiation (LTP) (Wang and Voss, 2015), as well as modulating functional connectivity between brain networks (Yang et al., 2015a). Li et al. (2020) used fMRI to demonstrate that rTMS improved neuroplasticity and changes in neural activity, enhancing the functional connection between the target area and other cognitive processing networks. Furthermore, excitatory TMS can promote hippocampal cells' proliferation and neural regeneration in the dentate gyrus, which is closely related to memory and learning processes (Ueyama et al., 2011).

P300, an objective electrophysiological index, reflects the information processing of working memory and the speedy processing of participating in decision-making (Dejanović et al., 2015). Notably, latency is related to the information processing of the external environment, reflecting the speed at which the brain classifies and recognizes external stimuli and representing the degree of excitement of the central nervous system during information recognition and processing (Rêgo et al., 2012). Our study showed that excitatory TMS over the left hemisphere DLPFC significantly shortened the P300 latency and improved the global cognitive function in patients with PSCI. This is consistent with previous studies (Pinto et al., 2021), where these improvements may be related to the iTBS-mediated enhancement of neurotransmitter dopaminergic and glutamatergic connections (Anderkova and Rektorova, 2014). Our study also found that excitatory TMS had no apparent therapeutic effect in improving ADL, which was inconsistent with the study of Li et al. (2021b). This may be attributed to the heterogeneity of stimulation protocols between studies. Furthermore, in an animal experiment in rats, HF-rTMS and iTBS on the motor cortex effectively promoted neural regeneration and increased cortical excitability (Luo et al., 2017). This study also reported that excitatory TMS over the left hemisphere DLPFC improved depression in patients with PSCI. However, the effectiveness of HF-rTMS and iTBS in treating depression in patients with PSCI remains controversial in previous studies (De Risio et al., 2020; Cash et al., 2021). Therefore, it is necessary to explore excitatory TMS' efficacy further and study its mechanism in future studies.


4.1. Limitations

Our study also has some noted limitations. First, we performed subgroup analysis based on the different stimulus areas, but only one study was included in some subgroups. Thus, this may lead to a certain bias in the results. Second, due to the limited number of included studies, we cannot perform subgroup analysis on stroke type and TMS stimulation parameters. Third, our study focuses on the immediate effects after excitatory TMS treatment and lacks studies on the long-term effects.




5. Conclusions

Previous literature lacks research on the effect of excitatory TMS over the DLPFC in different hemispheres on the rehabilitation outcome of PSCI patients. This meta-analysis found that compared to other hemispheric sides, excitatory TMS over the left hemisphere DLPFC was a more effective stimulation area, which can significantly improve global cognitive function, memory, attention, executive, P300 latency, and depression in patients with PSCI. However, there was no apparent treatment effect on improving ADL. In the future, more randomized controlled trials with large-sample, high-quality, and follow-up are needed to explore a usable protocol further.
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Background: Mechanical digit sensory stimulation (MDSS) is a novel therapy designed to accelerate the recovery of upper limb (including hand) function in patients with hemiplegia following a stroke. The primary goal of this study was to investigate the effect of MDSS on patients with acute ischemic stroke (AIS).

Methods: Sixty-one inpatients with AIS were randomly divided into conventional rehabilitation group (RG) and stimulation group (SG), and the latter group received MDSS therapy. A healthy group consisting of 30 healthy adults was also included. The interleukin-17A (IL-17A), vascular endothelial growth factor A (VEGF-A), and tumor necrosis factor-alpha (TNF-α) plasma levels were measured in all subjects. The neurological and motor functions of patients were evaluated using the National Institutes of Health Stroke Scale (NIHSS), Mini-Mental State Examination (MMSE), Fugel-Meyer Assessment (FMA), and Modified Barthel Index (MBI).

Results: After 12 days of intervention, the IL-17A, TNF-α, and NIHSS levels were significantly decreased, while the VEGF-A, MMSE, FMA, and MBI levels were significantly increased in both disease groups. No significant difference was observed between both disease groups after intervention. The levels of IL-17A and TNF-α were positively correlated with NIHSS but negatively correlated with MMSE, FMA, and MBI. The VEGF-A levels were negatively correlated with NIHSS but positively correlated with MMSE, FMA, and MBI.

Conclusion: Both MDSS and conventional rehabilitation significantly reduce the production of IL-17A and TNF-α, increase the VEGF-A levels, and effectively improve cognition and motor function of hemiplegic patients with AIS, and the effects of MDSS and conventional rehabilitation are comparable.

KEYWORDS
 acute ischemic stroke, mechanical digit sensory stimulation, IL-17A, TNF-α, VEGF-A


1. Introduction

Acute ischemic stroke (AIS) is a medical emergency with high morbidity, mortality, and disability rates worldwide, resulting in various degrees of cognitive and motor dysfunction, even after rehabilitation treatment (Tsivgoulis et al., 2016). According to statistics from the World Health Organization, the incidences of cognitive impairment and motor dysfunction of the upper limbs caused by stroke are around 37 and 60% in the sixth month of the disease, respectively (Arba et al., 2018; Dawson et al., 2021).

Mechanical digit sensory stimulation (MDSS), which primarily stimulates pressure sensation, is a novel therapy designed by our team to accelerate the recovery of the upper limb (including hand) function in patients with hemiplegia after stroke. We have developed a digit sensory stimulator (DSS) with a screen that can display the intensity of stimulation in real time. Our previous clinical observation of more than 1 year suggests that DSS is suitable for clinical application and can promote the cognitive and limb motor functions of patients after stroke.

Chandrasekaran et al. found that the sulcal stimulation in the primary somatosensory cortex (S1) could induce sensory perception located in the fingertip better than the gyral stimulation, and the perception caused by the sulcal stimulation was often highly concentrated in a single segment of the finger, especially the distal phalanx including the fingertip (Chandrasekaran et al., 2021). Kattenstroth et al. pointed out that compared with any other part of the body, fingertips and toetips are more sensitive sites with a higher density of nerve endings and somatosensory receptors, and these sites are the most innervated, and stimulation of these two sites can induce the excitement of specific targeted somatosensory cortical areas (Kattenstroth et al., 2018). Appropriate sensory stimulation of the fingers/toes in some patients with central nervous system injury can induce more cerebral cortical excitation and limb movements (Dobkin, 2003; Kattenstroth et al., 2018; Ayoobi et al., 2021). Therefore, the sites of sensory stimulation were concentrated on the hemiplegic finger/toenail beds to achieve good results in this study. In addition, Kattenstroth et al. reported that electrical stimulation of the affected fingertip of patients with subacute stroke for 2 weeks significantly improved their upper limbs’ sensory and motor function (Kattenstroth et al., 2018). However, the specific effects of MDSS on hemiplegic patients with AIS remain unclear.

Previous studies have shown that inflammatory response significantly contributes to ischemic brain injury (Bustamante et al., 2016; Nakamura and Shichita, 2019). Interleukin-17A (IL-17A), an essential immune cytokine, aggravates cerebral ischemia in the acute stage of ischemic stroke by upregulating inflammatory mediators and chemokines (Liu et al., 2019). Tumor necrosis factor-alpha (TNF-α) is a pro-inflammatory cytokine involved in neuroinflammation and neuronal damage induced by cerebral ischemia (Lambertsen et al., 2019). It also promotes the release of neurotoxic substances and aggravates ischemic injury (Lambertsen et al., 2012; Bokhari et al., 2014; Chen et al., 2019). Vascular endothelial growth factor A (VEGF-A) is a crucial cytokine responsible for the regulation of angiogenesis, which promotes neurogenesis and nerve function recovery after ischemic stroke (Lucitti et al., 2012; Ma et al., 2012). Taken together, IL-17A, TNF-α, and VEGF-A are closely related to ischemic stroke occurrence and development (Kawabori and Yenari, 2015).

Somatosensory stimulation of the brain of some patients with central nervous system injury through their fingers may affect the metabolism and functional recovery of the brain (Dobkin, 2003; Ayoobi et al., 2021). Previous studies have revealed that ischemic stroke temporarily but significantly increased IL-17A, TNF-α, and VEGF-A levels (Arango-Dávila et al., 2015; Liu et al., 2019; Moon et al., 2021; Xu et al., 2022). Therefore, the purpose of this study was to investigate the effects of MDSS on the plasma levels of cytokines and the cognitive and motor functions of hemiplegic patients with AIS and to explore its noninferiority in terms of rehabilitation outcomes when compared with the conventional therapy.



2. Methods


2.1. Participants

In this single-center, randomized study, the hemiplegic patients with AIS admitted to the Department of Neurology in the Second Hospital of Anhui Medical University between December 2020 and September 2022 were recruited. A healthy group of some age-and gender-matched healthy adults were also enrolled. This study was approved by the Medical Ethics Committee of the Second Hospital of Anhui Medical University [Approval No. YX2020-030(F1)] and performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from each participant before enrollment.



2.2. Inclusion and exclusion criteria

Healthy subjects were recruited from the workers, interns, and ward attendants of Department of Rehabilitation Medicine in the Second Hospital of Anhui Medical University. The inclusion criteria of healthy subjects were as follows: (a) aged between 18 and 80 years; (b) clear consciousness and normal cognition; (c) no history of heart disease, stroke, rheumatic disease, acute gout, tumor, tuberculosis, infection (including viral and bacterial), new fracture, etc. (d) willing to sign informed consent. All healthy subjects were asked to ensure adequate sleep and normal mental state before the experiment, and to avoid smoking and intake of irritating foods, such as alcohol, tea, and coffee.

Patients who met the following criteria were qualified for inclusion: (a) aged between 18 and 80 years; (b) diagnosed with partial anterior circulation infarct (PACI) for the first time with the diagnosis confirmed by magnetic resonance imaging or computerized tomography scan (Novotny et al., 2021); (c) hospitalized within 48 h of ischemic stroke onset with stable vital signs (systolic blood pressure, 90–160 mmHg; diastolic blood pressure, 60–100 mmHg; oxygen saturation, > 92%; resting heart rate, 60–110 beats/min; and body temperature, ≤38°C); (d) clear consciousness and willing and able to cooperate with the assessments and treatments; (e) the strength of all muscles of the upper limb, including shoulder, elbow, wrist, and hand, and the lower limb, including hip, knee, ankle, and foot, on the hemiplegic side was ≤ grade 3 in the manual muscle testing (Ciesla et al., 2011), while that on the unaffected side showed no dysfunction; and (f) self-identified as right-handed and confirmed by his/her family member.

The exclusion criteria for patients were as follows: (a) two or more strokes before the study; (b) other types of AIS other than PACI; (c) evidence of continued deterioration of the condition with unstable vital signs; (d) complications with heart, lung, liver, or renal insufficiency or a malignant tumor; (e) pregnant or lactating; (f) treated with antibiotics for an infection in any site, such as the lung or the urinary tract; and (g) currently participating in other clinical trials.



2.3. Mechanical digit sensory stimulation

The DSS device consists of a handle, a spring, an axle, a pressure tip, a card slot, and a screen displaying the pressure (Figure 1). During the MDSS therapy, the operator held the device’s handle and placed the pressure tip at the hemiplegic side’s fingernail/toenail bed root. Then, the operator relaxed the handle relatively quickly, so the pressure tip could rapidly stimulate the fingernail/toenail bed. If the stimulation intensity was acceptable to the patient, the operator gripped the device’s handle to stop stimulation as soon as the extension of the stimulated fingers/toes or the retraction of the stimulated upper/lower limbs was observed. However, if the stimulation intensity exceeded the acceptable range, the operator stopped stimulation immediately, even if finger/toe extension or limb retraction was not observed. The screen on the reverse of the device displayed real-time stimulation intensity in Newtons (N), as shown in Figure 2.

[image: Figure 1]

FIGURE 1
 Digit sensory stimulator.
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FIGURE 2
 Implementation of mechanical digit sensory stimulation.




2.4. Grouping and treatment

After screening for eligibility by a medical doctor, hemiplegic patients with AIS were randomly assigned to two groups: the stimulation group (SG) that received MDSS therapy with the DSS (Figures 1, 2) and the rehabilitation group (RG) that received conventional rehabilitation without the MDSS.

All patients received comprehensive neurological treatment according to the Guidelines for the Early Management of Patients with Acute Ischemic Stroke (Powers et al., 2019). Patients in the RG received conventional rehabilitation treatment, including body massage, breathing exercises, active movement of the unaffected limb, active/assisted/passive movement of the hemiplegic limbs according to the patient’s condition, and neuromuscular electrical stimulation of the upper and lower limbs on the hemiplegic side. In the RG, all treatments were administered once a day, with daily treatment lasting 50–70 min.

Body massage was applied only to the upper and lower limbs of the hemiplegic side. Since all patients were in the acute phase of cerebral infarction, the muscle tone of the upper and lower limbs on the hemiplegia side was low, so we used rapid manual massage with moderate force for the flexor and extensor muscles of the hemiplegic limb, once a day for 10 min. The breathing exercises were carried out by inhaling deep through the nose, pouting and blowing hard through the mouth, mainly to train abdominal breathing. Each set of breathing exercises consisted of 5 repetitions, and 3–5 sets were performed consecutively, with a 30-second break between two sets, a total of 5–10 min, and 3–5 sets per day. Movement patterns of the unaffected and affected limbs were mainly forward flexion and abduction of the upper limb and straight leg raising, overall flexion and extension of the lower limb in the supine position. During the movement of the unaffected limb, the unaffected hand held a bottle of mineral water or a proper weight sandbag was tied around the unaffected wrist/ankle. Active/assisted/passive movements were selected according to the muscle strength of the upper and lower limbs on the hemiplegic side. Each movement of the limb was performed 10 times in a set, with an interval of 30 s between two sets, a total time of 20–30 min per day. We used low-frequency electrical stimulation of the upper and lower limbs on the hemiplegic side, and the specific sites of electrical stimulation were selected according to the residual muscle strength. The biceps brachii and quadriceps femoris were first selected as targets for electrical stimulation. However, if the muscle strengths of the biceps brachii and quadriceps femoris were ≥ grade 2 (manual muscle testing, MMT), their antagonist muscles were electrically stimulated, and the upper and lower limbs were electrically stimulated at the same time, for 15–20 min once daily.

Instead of conventional rehabilitation, patients in the SG received MDSS therapy. The same investigator performed the therapy for all patients in the group. With the patient in a supine position, the investigator stimulated the nail bed root of all five fingers and toes separately on the hemiplegic side using the DSS, from the little finger/toe to the thumb/big toe. The stimulation pressure was between 30 and 50 N, enough to cause active extension of the fingers/toes or retraction of the upper/lower limbs on the hemiplegic side and was tolerable for the patient. The stimulation duration for each finger/toe was 2–3 s, and the interval between two adjacent stimulations was 5–10 s. The total stimulation time of five fingers and five toes was 70–120 s. Based on ethical grounds and in view of the short time required for each stimulation, patients in the SG were treated three times daily, once in the morning, once at noon, and once in the evening to guarantee that all patients have access to effective treatment.

The interventions (conventional rehabilitation in the RG and MDSS therapy in the SG) started from the third day after disease onset and continued for 12 days (until the 14th day after disease onset). The timeline of the interventions is shown in Figure 3.

[image: Figure 3]

FIGURE 3
 Flow chart.




2.5. Safety and acceptability evaluation

All patients were observed for discomfort, seizure, recurrent cerebral hemorrhage or infarction, pulmonary embolism, myocardial infarction, and death during the study. After the first and last stimulation, patients in the SG were asked to self-assess the degree of pain caused by MDSS using the visual analog scale (VAS): 0, no pain; 1–3, mild pain; 4–6, marked pain; and 7–10, intense pain (Sung and Wu, 2018). The acceptance was evaluated by a subjective 4-item questionnaire after 12 days of intervention: (Q1) “Is the therapy with the MDSS motivating?” (0 no, 1 yes), (Q2) “Would you recommend the MDSS to other subjects with stroke?” (0 no, 1 yes), (Q3) “Has the MDSS therapy led to concrete improvements?” (0 no, 1 yes), (Q4) “How comfortable was the therapy with the MDSS for you?” (0 uncomfortable, 10 very comfortable; Ranzani et al., 2020).



2.6. Measurement of plasma cytokines levels

Fasting venous blood (3 ml) was collected in the morning from each subject in the disease groups before intervention (the third day after disease onset) and after 12 consecutive days of intervention (the 15th day after disease onset). The same amount of fasting venous blood was collected from each subject in the healthy group immediately after enrollment. Blood samples were centrifuged at 3,000 rpm for 15 min. Then, the plasma was isolated using a pipette and stored at −80°C until analysis (Tang et al., 2017). The IL-17A, TNF-α, and VEGF-A plasma levels were determined using enzyme-linked immunosorbent assay kits (Shanghai Jianglai Industrial Co., Ltd., Shanghai, China) according to the manufacturer’s instructions (Aydin, 2015; Eble, 2018).



2.7. Neurological and motor function assessment

The neurological and motor functions of each patient were evaluated using multiple assessment scales before and after intervention. The National Institutes of Health Stroke Scale (NIHSS) was used to evaluate neurological deficits. The total score ranges between 0 and 42, with higher scores indicating more severe nerve damage. The NIHSS is scored as follows: 0–1, normal; 2–4, mild impairment; 5–15, moderate impairment; 16–20, moderate to severe impairment; and ≥21, severe impairment (Lyden, 2017). The Mini-Mental State Examination (MMSE) was used to evaluate cognitive function. It consists of 19 items with a total of 30 points. Higher scores indicate better cognitive function. A score of ≤26 indicates cognitive impairment, while a score of 27–30 is considered within the normal range (Körver et al., 2019). The Fugel-Meyer Assessment (FMA) was used to evaluate the motor function of the upper and lower limbs and has a total score of 100. Higher scores indicate better limb motor function. A score of 0–50 suggests severe limb paralysis, a score of 51–84 indicates significant limb paralysis, a score of 85–95 denotes moderate limb paralysis, and a score of 96–100 represents mild limb paralysis (Fugl-Meyer et al., 1975). The Modified Barthel Index (MBI) was used to assess the ability to complete activities of daily living with a total score of 100. The higher the score, the higher the ability to complete daily living activities. The MBI is scored as follows: 0–20, severe functional impairment; 25–45, serious functional impairment; 50–70, moderate functional impairment; 75–95, mild functional impairment; and 95–100, normal (Taghizadeh et al., 2020). The primary outcome of the study, which was tested for equivalence, was the change in motor impairment at the end of treatment relative to before intervention, assessed by the FMA. The FMA scale was used as the primary outcome measure due to its widespread use in sensorimotor rehabilitation assessment (Ranzani et al., 2020).



2.8. Statistical analysis

The sample size was estimated to achieve a power (1 − β) of 0.8 to detect a 4.66-point difference in FMA (Metzger et al., 2014), with a 2-sided significance level of 0.05. A total of 27 patients in each group were required. Allowing for a 10% loss, 30 patients in each group should be recruited, for a total of 60 patients. The sample size was determined using the G*Power software (version 3.1.9.7). Data were analyzed using the SPSS 25.0 software. The chi-square test compared categorical variables. All quantitative variables were tested for normal distribution using the Shapiro–Wilk test. Normally distributed data were expressed as mean ± standard deviation (SD). The independent sample t-test was used to compare quantitative variables between the two disease groups; The paired sample t-test was used to compare the data before and after intervention in each group. Pearson correlation analysis was used to determine the correlations of plasma levels of IL-17A, TNF-α, and VEGF-A with the score of each assessment. A value of p < 0.05 indicated statistical significance. Equivalence analysis was used to investigate whether the two disease groups showed an equivalent change in terms of the primary outcome measure (Walker and Nowacki, 2011). Equivalence was established if the difference in the FMA score between the two disease groups lay within an equivalence boundary of ±5.2 points, which was reported to be the minimal detectable/clinically important difference for the FMA (Wagner et al., 2008; Ranzani et al., 2020).



2.9. Data availability statement

The data associated with the paper are not publicly available but are available from the corresponding author upon reasonable request.




3. Results

Sixty-seven subjects with AIS were eligible and consented to participate in the study, 33 of whom were randomly assigned to the RG and 34 to the SG. Six (3 in the RG and 3 in the SG) subjects did not complete the intervention protocol due to early discharge from hospital and dropped out halfway through the study. Only 61 subjects (30 in the RG and 31 in the SG) received corresponding interventions and assessments (Figure 4). No adverse event related to the intervention was observed during the study. A healthy group consisting of 30 age-and gender-matched healthy adults were also enrolled.

[image: Figure 4]

FIGURE 4
 Trial profile describing the participants population.



3.1. Baseline characteristics

The demographics and clinical characteristics of different groups at baseline are summarized in Table 1. Participants were aged between 26 and 80 years. No statistically significant differences were found in gender, age, and history of smoking, drinking, diabetes, obesity, hypertension, intravenous thrombolysis or arterial embolectomy among the three groups (p > 0.05).



TABLE 1 Baseline characteristics of the randomized study participants.
[image: Table1]



3.2. Plasma levels of IL-17A, TNF-α, and VEGF-A

The IL-17A, TNF-α, and VEGF-A plasma levels in the RG and SG before intervention were significantly higher than those in the healthy group (all p < 0.01), but no significant difference was observed between the two disease groups (p > 0.05). The IL-17A and TNF-α levels in both disease groups after intervention were significantly decreased, while those of VEGF-A were significantly increased compared with those before intervention (all p < 0.01). However, no significant difference in cytokine levels was observed between the RG and SG after intervention (p > 0.05). Compared with those in the healthy group, the IL-17A and VEGF-A levels in the RG and SG after intervention were significantly increased (p < 0.01), while the TNF-α levels were not significantly different (p > 0.05). As shown in Table 2.



TABLE 2 Plasma levels of IL-17A, TNF-α, and VEGF-A in different groups (pg/ml).
[image: Table2]



3.3. Results of assessment scales

The NIHSS, MMSE, FMA, and MBI scores were not significantly different between the RG and SG before intervention (p > 0.05). The NIHSS scores were significantly decreased, while the MMSE, FMA, and MBI scores were significantly increased in the two disease groups after intervention (all p < 0.01). However, no significant difference in the assessment scales’ results after intervention was observed between the two disease groups (p > 0.05). As shown in Table 3. According to the equivalence analysis (Figure 5), the change in the FMA score in the SG could be considered as non-inferior to that in the RG. The 90% confidence interval lay within the equivalence boundaries in favor of the MDSS therapy at the end of the study. Before and after intervention, subjects in the SG improved on average by 17.90 FMA points, while those in the RG showed an average increase of 17.47 FMA points. In both disease groups, these changes were above the minimal detectable/clinically important difference (Shelton et al., 2001; Wagner et al., 2008).



TABLE 3 Results of NIHSS, MMSE, FMA, and MBI before and after intervention.
[image: Table3]
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FIGURE 5
 Equivalence analysis between stimulation group and rehabilitation group with reference to the FMA change.




3.4. Correlation analysis

The levels of IL-17A and TNF-α before and after intervention were positively correlated with the NIHSS scores, but negatively correlated with the MMSE, FMA, and MBI scores (p < 0.01); The VEGF-A levels before and after intervention were negatively correlated with the NIHSS scores but positively correlated with the MMSE, FMA, and MBI scores (p < 0.01). As shown in Table 4.



TABLE 4 Correlations of cytokine levels with the results of each assessment scale.
[image: Table4]



3.5. Acceptance of MDSS therapy

All patients in the SG had a VAS score of ≤6, and the mean VAS score of this cohort was 1.25 ± 1.06, suggesting that the pain caused by MDSS was mild. Of 31 participants who answered the questionnaire in the SG, 90.32% found the MDSS therapy motivating (Q1), 83.87% would recommend the MDSS therapy program to other persons with stroke (Q2), and 87.10% experienced concrete improvements in their health status at the end of the therapy program (Q3). Participants rated the MDSS treatment as comfortable with a score of 7.81 ± 1.25 out of 10 (Q4).




4. Discussion

This study shows that MDSS is a safe and effective therapy for patients with AIS. Treatment with the DSS decreased inflammatory factors (i.e., IL-17A and TNF-α), increased nerve regeneration factor VEGF-A levels, alleviated neurological impairment, and restored cognitive and limb motor functions. The result of the equivalence analysis comparing the evolution in the FMA demonstrated that the motor recovery in the stimulation group is non-inferior with respect to the control group. The correlation analysis revealed that plasma cytokine levels were correlated with the results of clinical assessment scales.

Previous studies have shown that a time window of neuroplasticity exists in the early post-stroke period, during which the brain’s dynamic response to rehabilitation treatment is sensitive and robust (Coleman et al., 2017). There is no consensus on the optimal time to start rehabilitation after stroke. However, increasing evidence has demonstrated that intensive rehabilitation treatment within 24 h after stroke might harm patients, while treatment within the first 2 weeks after stroke will alleviate functional impairment (Li et al., 2017). Early rehabilitation, which starts between 24 and 72 h after stroke, has been shown to reduce the levels of inflammatory cytokines, protect the blood–brain barrier, inhibit apoptosis, promote neurogenesis, and upregulate brain-derived neurotrophic factor levels (Kim et al., 2005; Zhang et al., 2013). Li et al. found that exercise within 6–24 h after stroke increased the plasma levels of inflammatory cytokines, while the same exercise starting from the third day after stroke reduced the production of these cytokines (Li et al., 2017). Consistent with this, Tang et al. treated patients with AIS with di-3-n-butylphthalide from the third to the 14th day after disease onset and observed increased serum levels of VEGF and basic fibroblast growth factor after treatment (Tang et al., 2017). Therefore, in this study, all interventions started from the third day after disease onset.

Neurological changes after stroke are significantly associated with pro-inflammatory and anti-inflammatory cytokines (Yan et al., 2015). The imbalance and balance between these cytokines play a vital role in the processes of nerve injury and repair after stroke (Vila et al., 2000). Lin et al. found that IL-17A is released by γδT cells, peaks on day three after stroke, and aggravates ischemic brain injury (Lin et al., 2016). The TNF-α levels are significantly increased after AIS. This increase may lead to the activation of neutrophils, which enhances white blood cell phagocytosis, promotes the secretion of inflammatory cytokines, and eventually increases vascular permeability and aggravates edema (Camelo et al., 2001; Shi et al., 2017). In addition, VEGF-A stimulates the proliferation and migration of vascular endothelial cells, accelerates new blood vessel formation, and constructs a collateral circulation network that can save the ischemic penumbra (Lucitti et al., 2012). The neuroprotective effect of VEGF-A has also been observed in a rat model of middle cerebral artery embolization (Liang et al., 2020).

In this study, we found that the IL-17A, TNF-α, and VEGF-A plasma levels of patients with AIS on day three after disease onset were significantly higher than those of the healthy group. Both the IL-17A and TNF-α levels were significantly decreased, while the VEGF-A levels were significantly increased in the RG and SG after intervention. These findings were consistent with the studies by Lin et al. (2016), Tang et al. (2017), and Chen and Zhao (2018). Moreover, compared to the results obtained before intervention, the NIHSS scores were significantly decreased, while the scores of MMSE, FMA, and MBI were significantly increased in both groups of AIS patients on the 15th day after disease onset. Similarly, the study by Kattenstroth et al. showed that the rehabilitation including repetitive sensory stimulation was more effective than standard therapy alone in sensorimotor recovery (Kattenstroth et al., 2018). According to previous studies and our experimental results, the primary measures (the FMA scores) of the patient’s function in the rehabilitation and stimulation groups exceeded the minimal clinically important difference (+5.2 points) after corresponding treatment, indicating not only statistical differences, but also clinical significance (Hsieh et al., 2007; Cervera et al., 2018). The correlation analysis showed that the IL-17A and TNF-α levels were negatively correlated with the MMSE, FMA, and MBI scores (p < 0.01), and the VEGF-A level was positively correlated with the MMSE, FMA, and MBI scores (p < 0.01). These results suggest that IL-17A and TNF-α may inhibit cognitive and motor recovery, while VEGF-A may alleviate brain injury and accelerate brain function recovery at an early stage following ischemic stroke, which is in line with the results from previous studies (Rreed et al., 2020; Zuo et al., 2022).

Data on the 15th day after disease onset showed that the NIHSS score was significantly decreased, while the MMSE, FMA, and MBI scores were significantly increased in both disease groups after intervention, which was consistent with the findings by Kattenstroth et al. (2018). In addition, the rehabilitation and stimulation groups showed significantly lower levels of IL-17A and TNF-α, which tended to be at normal range, and higher levels of VEGF-A, which deviated even more from normal after intervention. These results suggest that both conventional rehabilitation and MDSS therapy were effective in inhibiting the secretion of pro-inflammatory cytokines (i.e., IL-17A and TNF-α) and promoting the production of nerve regeneration factor VEGF-A, thereby reducing neurological impairment and accelerating cognitive and limb motor function recovery (Zhang et al., 2021; Cha et al., 2022). There was no significant difference in the IL-17A, TNF-α, and VEGF-A levels, or the NIHSS, MMSE, FMA, and MBI results between the rehabilitation and stimulation groups after intervention. Furthermore, the equivalent analysis of FMA changes showed that the motor function recovery of the stimulation group was non-inferior to the rehabilitation group. MDSS is essentially a pressure stimulation that can be considered as a variation of the Rood technique targeting the fingers and toes. The Rood technique is a multi-sensory stimulation therapy developed by Margaret Rood (Nielsen et al., 1986). It emphasizes the use of touch, squeeze, pull, vibration, percussion, and friction to produce different sensory stimulations, and to induce active muscle contraction while inhibiting antagonistic muscle contraction. Meanwhile, the Rood technique can input a variety of sensations into the central nervous system to improve the activity level of central neurons, thereby causing motor, cognitive, and other reactions, and promoting the recovery of neurological function (Bordoloi and Deka, 2019; Bordoloi and Deka, 2020; Chaturvedi and Kalani, 2023). In this study, DSS device was used to induce active retraction movements of the upper and lower limbs in patients with AIS by targeting the roots of the hemiplegic finger/toennail beds to produce tactile pressure sensation, mild pain sensation, and proprioception stimulation, which meet the definition of the Rood technique. Compared to stimulation on other parts of the body, stimulation of the fingertips and toetips, which are the most innervated regions, allows more specific targeting in the somatosensory cortical area (Kattenstroth et al., 2018). MDSS can achieve a good effect because the nerve endings and somatosensory receptors in fingers/toes are remarkably rich and sensitive. Appropriate mechanical stimulation of the fingers/toes on the hemiplegic side of patients with AIS can induce stronger excitement of the cerebral cortex and result in more limb movements, this can lead to a greater increase neuroplasticity and more significantly improvements in cognitive and motor functions compared to stimulation of other body part (Dobkin, 2003; Kattenstroth et al., 2018; Ayoobi et al., 2021). Conventional rehabilitation often requires expensive equipment (e.g., neuromuscular electrical stimulation), which costs a few hundred to tens of thousands of Chinese Yuan and takes 20–30 min per session. The DSS is a less-costly, safe, and user-friendly device and MDSS therapy only takes 70–120 s per session. In addition, our results showed that the VAS scores of all patients after MDSS were ≤6, and the mean VAS score of this cohort was 1.25 ± 1.06, indicating that the pain caused by MDSS was within the acceptable range for patients. More importantly, caregivers and family members can implement MDSS using the DSS after simple training, allowing MDSS application both in the ward and at home.

The present study has some limitations. Firstly, the long-term effects of MDSS remain unknown due to the short observation period. Secondly, the effects of MDSS on different subgroups were not explored because the sample size of this study was relatively small. Finally, the researchers were not blinded to grouping. To maintain experimental rigor, it would be necessary to establish a group that does not receive rehabilitation treatment; however, such a group would be considered unethical. Further studies with larger sample sizes, more extended observation periods, and inclusion of patients with unclear consciousness due to AIS need to be performed, and the experiment should be blinded.



5. Conclusion

In conclusion, this randomized, controlled trial demonstrates that IL-17A and TNF-α play an inflammatory role in the acute and subacute stages of stroke and aggravate brain injury, while VEGF-A exerts a neuroprotective effect. MDSS inhibits the expressions of IL-17A and TNF-α, induces VEGF-A secretion, decreases the NIHSS score, and increases the MMSE, FMA, and MBI scores in patients with AIS. MDSS and conventional rehabilitation therapy enhance the neurological and motor functions of hemiplegic patients with AIS after 12 days of treatment, and the effectiveness of the two methods is comparable. Compared with conventional rehabilitation, MDSS is simpler, less time-consuming, less costly, and more suitable for hospital, community and home use.
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Background: Repetitive TMS is used in stroke rehabilitation with predefined passive low and high-frequency stimulation. Brain State-Dependent Stimulation (BSDS)/Activity-Dependent Stimulation (ADS) using bio-signal has been observed to strengthen synaptic connections. Without the personalization of brain-stimulation protocols, we risk a one-size-fits-all approach.

Methods: We attempted to close the ADS loop via intrinsic-proprioceptive (via exoskeleton-movement) and extrinsic-visual-feedback to the brain. We developed a patient-specific brain stimulation platform with a two-way feedback system, to synchronize single-pulse TMS with exoskeleton along with adaptive performance visual feedback, in real-time, for a focused neurorehabilitation strategy to voluntarily engage the patient in the brain stimulation process.

Results: The novel TMS Synchronized Exoskeleton Feedback (TSEF) platform, controlled by the patient’s residual Electromyogram, simultaneously triggered exoskeleton movement and single-pulse TMS, once in 10 s, implying 0.1 Hz frequency. The TSEF platform was tested for a demonstration on three patients (n = 3) with different spasticity on the Modified Ashworth Scale (MAS = 1, 1+, 2) for one session each. Three patients completed their session in their own timing; patients with (more) spasticity tend to take (more) inter-trial intervals. A proof-of-concept study on two groups—TSEF-group and a physiotherapy control-group was performed for 45 min/day for 20-sessions. Dose-matched Physiotherapy was given to control-group. Post 20 sessions, an increase in ipsilesional cortical-excitability was observed; Motor Evoked Potential increased by ~48.5 μV at a decreased Resting Motor Threshold by ~15.6%, with improvement in clinical scales relevant to the Fugl-Mayer Wrist/Hand joint (involved in training) by 2.6 units, an effect not found in control-group. This strategy could voluntarily engage the patient.

Conclusion: A brain stimulation platform with a real-time two-way feedback system was developed to voluntarily engage the patients during the brain stimulation process and a proof-of-concept study on three patients indicates clinical gains with increased cortical excitability, an effect not observed in the control-group; and the encouraging results nudge for further investigations on a larger cohort.

KEYWORDS
 stroke, transcranial magnetic stimulation, exoskeleton, closed-loop brain stimulation, neuro-rehabilitation, motor evoked potential, spasticity


1. Introduction

Repetitive-Transcranial Magnetic Stimulation (rTMS) is a potential therapeutic modality post-stroke that can facilitate neuroplasticity through the process of restoration of transcallosal interhemispheric inhibition by targeting Long-Term-Potentiation (LTP) and Long-Term-Depression (LTD) through high-frequency stimulation of the ipsilesional and low-frequency stimulation of contralesional-hemisphere, respectively (Hoogendam et al., 2010; Thabit et al., 2010; Edwardson et al., 2013, 2014; Rossini et al., 2015). However, these rTMS frequencies are predefined (such as 1/5/10 Hz) and involve a non-specific, passive-stimulation process where the patient lies in the TMS chair comfortably with the TMS coil on the head. Since, the patient is not voluntarily involved in the brain-stimulation protocol, at times; the patient is not responsive to treatment or might even be asleep during the sessions. The predefined frequencies used are independent of the current brain-state of the patient and do not engage the patient voluntarily or directly in the brain stimulation protocol (Edwardson et al., 2013). The whole passive-stimulation process lacks feedback to the patient, hence, is referred to as an open-loop therapeutic approach. Various factors being the determinant of the therapeutic outcomes apart from brain stimulation parameters (such as phase, frequency, and intensity), its effect is also highly dependent on the current-states of the brain, and without personalization of brain-stimulation protocols, we assume an one-size-fits-all approach (Mitchell et al., 2007; Edwardson et al., 2013).

Unlike these open-loop approaches, Brain-State-Dependent-Stimulation (BSDS) or Activity-Dependent Brain Stimulation (ADS) paradigm is an alternative that employs a closed-loop approach to facilitate focused neuroplasticity. Neuroplastic changes presumably occur in connections between motor cortical neurons firing naturally during the generation of voluntary muscle-contraction and those artificially stimulated by brain stimulation, a mechanism of hebbian plasticity (Gerstner, 2011; Edwardson et al., 2013, 2014). LTP can also be induced by pairing protocols, e.g., associative or hebbian LTP, which allows activity-dependent modification of synaptic-strength by synchronous activation of neurons which is the basis of learning and memory (Martin et al., 2000; Thabit et al., 2010; Edwardson et al., 2013). ADS entails making brain stimulation contingent on voluntary neural/muscle activity and hence, the brain is stimulated depending on its current state using the bio-signal (neural or muscle-activity), as opposed to a fixed frequency in an open-loop approach in rTMS, providing a method of invoking Hebbian mechanism by pairing each episode of motor-activity, and brain stimulation (Edwardson et al., 2013, 2014; Gharabaghi et al., 2014; Kraus et al., 2016; Mrachacz-Kersting et al., 2019).

Different cellular investigations evidenced that the connections between the two neurons are strengthened when the firing of one neuron repeatedly contributes to the firing of another neuron (Bi and Poo, 1998, 2001; Feldman, 2000). A similar effect was demonstrated with stimulation of the median nerve at the wrist paired with TMS, in healthy subjects, which can lead to LTP or LTD-like effects, depending on their relative timing (Jung and Ziemann, 2009). Compelling evidence exists in favor of the ADS paradigm documenting potentiating effects and consistent strengthening of specific connections between neurons in the motor cortex in animals such as primates (Jackson et al., 2006) and rodents-models (Rebesco et al., 2010; Edwardson et al., 2013). Primates’ animal studies evidenced that triggering motor cortex stimulation from contralateral muscle-activity produces neuroplasticity effects. Activity-dependent single-pulse TMS on healthy subjects (Bütefisch et al., 2004; Thabit et al., 2010; Edwardson et al., 2014), and even in stroke survivors (Bütefisch et al., 2004; Izumi et al., 2008; Buetefisch et al., 2011) has also been started in the last 2 decades, evidencing induced motor learning (Bütefisch et al., 2004), increased cortical-excitability (Thabit et al., 2010), and subtle evidence of neuroplasticity (Buetefisch et al., 2011). These rare seminal studies indicated the feasibility of Activity-Dependent single-pulse TMS, where motor activity from affected-hand triggers TMS to the lesioned motor cortex. These studies also indicate the importance of ADS in designing protocols to capitalize on the unique physiology resulting in robust neuroplasticity (Edwardson et al., 2013).

These studies used stimulation in strict temporal relation with the movement attempted which showed increased cortical-excitability, demonstrating the ability of Electroencephalogram (EEG)/Electromyogram (EMG) signal stimulating the brain to drive the cortical-plasticity with LTP-like effects (Bütefisch et al., 2004; Thabit et al., 2010; Edwardson et al., 2013, 2014; Schaworonkow et al., 2018). The studies on stroke-survivors (for one or more sessions) are present in which stimulation is used in strict temporal relation with the movement attempted (Izumi et al., 2008; Buetefisch et al., 2011; Walter et al., 2012; Gharabaghi et al., 2014; Kraus et al., 2016; Mrachacz-Kersting et al., 2019; Wu et al., 2019). However, these studies were “ADS” only in terms of using their bio-signal for triggering brain stimulation. Very few studies have attempted to close the loop in ADS “via feedback,” a crucial phenomenon in stroke rehabilitation (Buetefisch et al., 2011; Gomez-Rodriguez et al., 2011; Gharabaghi et al., 2014). In addition, out of these studies showing the effect of closed-loop ADS in healthy subjects (Izumi et al., 2008) as well as chronic stroke-population, over one or more sessions, only few studies have evaluated the therapeutic-effectiveness of Activity Dependent TMS on stroke patients (Buetefisch et al., 2011; Revill et al., 2020). Even though ADS studies are documented in literature, its effect with various types of feedback is not explored. Moreover, ADS can encourage impairment oriented functional-plasticity by focusing on the impaired and functionally important muscle such as Extensor Digitorum Communis (EDC), by stimulating its respective cortical-representation, for a focused rehabilitation strategy unlike stimulating Abductor Pollicis Brevis (APB) muscle used commonly (Thabit et al., 2010; Edwardson et al., 2013).

Spasticity and Flexor-Hypertonia (FH), which is one of the most common symptoms of stroke, leads to impaired Activities of daily-living (ADL). If not rehabilitated, may cause deformities, and even contractures and can further hinder any therapeutic intervention. Reducing the spasticity of muscles is the initial step in stroke rehabilitation followed by the ADL-training (Singh et al., 2019a). If a patient with spasticity has to be involved in a therapy that is meant to be voluntary and with movement, therapy should take the spasticity as a critical consideration. Till now, no brain stimulation study has considered the spasticity factor in the intervention protocol or evaluated the therapeutic effectiveness of BSDS focusing on spasticity. Spasticity is an important challenge and rarely discussed obstacle in stroke-rehabilitation literature, which might be pertaining to the challenges involved in dealing with spasticity in patients with stroke.

For making the brain stimulation contingent on voluntary muscle-activity, we designed an Activity-dependent TMS system with a two-way feedback novel protocol individualized for patients with different spasticity. We attempted to close the ADS-loop via feedback to the brain through proprioceptive and visual feedback, to voluntarily involve the patient throughout the process. Our hypothesis was if providing brain stimulation while the motor cortex is engaged in generating movement, providing proprioceptive feedback (via exoskeleton-device; Singh et al., 2019a) to the brain by assisting the voluntary-attempted movement, along with visual performance-feedback, in real-time, could potentially improve post-stroke motor-recovery. For motor training, an exoskeleton device (Singh et al., 2019a) was used which can assist the patient in completing the movement, giving proprioceptive feedback to the brain. Considering the criticality of spasticity and feedback in stroke-rehabilitation, and most importantly individualization of the TMS protocols, our goal was to design and develop a novel customized brain-stimulation platform that can be patient-specific according to their clinical presentation, establish the patient-specific novel protocol, perform demonstration study, and at last carry out the feasibility-study for patients with stroke, WRT control group for 20-sessions and take the subjective-feedback of patients.



2. Materials and methods

For an Activity-Dependent TMS system with a feedback approach, the fundamental assumptions of system design are: (i) the patient needs to be directly and actively engaged during the brain stimulation protocol to generate voluntary bio-signal and (ii) TMS must be induced/ triggered by bio-signal generating the voluntary movement. This intention of the voluntary movement (is detected in the bio-signal) was synchronized with TMS, making the process of brain stimulation dependent on the current state of the brain. To entail the patient voluntarily in the therapeutic intervention, an exoskeleton device (Singh et al., 2019a) was used to assist to complete the movement attempted as and when intended by the patient. IRB approved the study (protocol-number-IEC/NP-99/13.03.2015) and a pilot study was registered (ISRCTN95291802). All patients signed the written informed consent. The study was designed in clinical settings and a clear description of the method and the intervention is presented below.


2.1. Aim of the study

The aim of this novel customized platform was that once the intention of the movement is detected through bio-signal, it triggers both the TMS-pulse and the exoskeleton device. Hence, we designed a system pairing each episode of voluntary motor activity with TMS, where the motor activity from the affected hand of the patient triggers TMS to the lesioned motor cortex. The goal of this study was to design and develop a platform with a novel protocol and perform a demonstration study along with a feasibility-study wrt control group.



2.2. Materials


2.2.1. Muscle-selection

The Extensor Digitorum Communis (EDC) muscle of affected-hand was chosen (Figure 1A) as this muscle is often impaired in stroke due to flexor-hypertonia leading to spasticity, also because of its critical involvement in ADL for wrist extension, and easily detectable nature of surface-muscle (Singh et al., 2019a). The disposable gel-based wet Ag/AgCl surface-electrodes were used on the belly-tendon configuration; muscle-contraction causing extension of wrist and extension of third-digit of hand was observed for identification of muscle-belly and electrodes-placement. Electrodes were connected to an EMG amplifier (BIOPAC-MP150, Gentech; Figure 1B).
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FIGURE 1
 (A) Exoskeleton mounted on the hand of a representative patient. Baseline position: wrist in neutral position with fingers extension. Final position: wrist extension with fingers flexion. Motion sequence: Baseline to Final to Baseline position. (B) Protocol showing EMG activity during a 10-s trial. 10 s included a “voluntary cue” for attempting the wrist extension (3 s), completing movement (5–7 s), and remaining as the “rest-time” (remaining in 10 s). Raw EMG signal (blue, sampling frequency of 1,000 Hz and gain = 2,000) was filtered (Bandpass-filter = 20–500 Hz, Notch-filter = 50 Hz), amplified and Root Mean Square (RMS; green) was calculated. The patient’s effort detected in EMG simultaneously triggered the exoskeleton device and TMS-pulse; TMS-pulse was delivered within the first half of the EMG burst generated by EDC (within the time of voluntary-trial time) as soon as the predefined activation threshold on RMS-EMG is crossed. If the threshold is not reached by the patient, the 10-s trial starts again. The effort made by the patient (detected in EMG) is directly proportional to the visual feedback (LED Dot Matrix; C) Set-up for TMS synchronized with exoskeleton-device, TMS coil being set to TMS hotspot being EDC muscle cortico-representation. (D) Study design of TSEF for patients with stroke (n = 3).




2.2.2. Configuration of EMG threshold

A 20% of Maximum Voluntary Contraction (MVC) of each patient’s residual EMG-activity was considered as predefined activation-threshold. This activation threshold was set on the Root-Mean-Square (RMS) of the EMG signal of the affected hand and represented target muscle activation (Figure 1B). The activation threshold of RMS-EMG was used to simultaneously trigger exoskeleton-device and single-pulse TMS, whenever voluntary effort-induced EMG activity crossed the predefined threshold. Configurability of the residual EMG, activation threshold, RMS amplitude, and RMS EMG threshold was customized individually for affected-hand according to the individual’s residual EMG activity, with the advantage of making the system patient-specific and ensuring patients with even minimal EMG activity can be involved in the voluntary brain-stimulation protocol.



2.2.3. Exoskeleton device

Electromyogram-triggered exoskeleton device was developed for rehabilitation of wrist-joint and fingers-joint (Singh et al., 2019a; Figure 1A) and used to move the affected-hand as-and-when intended in the brain-stimulation protocol. EDC muscle activity was chosen to trigger the exoskeleton device whenever the patient made the voluntary effort to extend the wrist. In the baseline position, the patient is instructed to put effort into wrist extension. The sequence of motion of the exoskeleton device was: wrist at the neutral position, finger-extension (baseline-position, Supplementary material) → wrist-extension and finger-flexion (final-position, Supplementary material) → wrist at neural position and finger-extension (back to the baseline-position). The range of Motion (ROM) of exoskeleton-device are customizable according to the comfort and clinical presentation (spasticity, contractures, and pain) of the patient, pertaining to one of the features of the exoskeleton device, hence, can accommodate a large patient population. The exoskeleton device is used for developing a platform for synchronizing TMS with the exoskeleton.




2.3. Participants

Patients were enrolled based on inclusion criteria: age 18–70 years, having ischemic/hemorrhagic stroke within 3–24 months, Mini-Mental Scale (MMS) = 24–30; Barthel-Index (BI) = 0–100, and Modified-Ashworth-Scale (MAS) = 1, 1 +, 2. MAS was used to measure spasticity at wrist-joint (Gregson et al., 1999; Takahashi et al., 2008; Sale et al., 2014; Singh et al., 2021). Three patients were enrolled, one patient each on MAS 1, MAS 1+, and MAS 2. Patients with contra-indication to TMS, no detectable Electromyogram (EMG) activity, and any other progressive neurological or cognitive disorders were excluded from the study. All patients signed the written informed consent. All patients were given care according to current clinical standards, as advised by the IRB. Three different persons executed three different aspects, applied the intervention, assessed the clinical data, and analyzed it; blinded to other’s observations with patients.



2.4. Data collection

All the participants underwent clinical assessment by a trained physiotherapists with more than 5 years of experience; a pre-therapy assessment a day before the initiation of the intervention sessions. The post-therapy assessment was performed a day after the completion of the intervention. The level of spasticity at the wrist joint measured by the MAS (MAS 0–4), the range of voluntary wrist movement defined in terms of the Passive Range of motion of the wrist (PROM 0–70 degrees) as measured by a goniometer, Barthel Index (0–100), and functional and sensorimotor-control of upper-limb as measured by Fugl-Meyer Scale Upper Limb (FMU/L 0–66) for whole arm, later segregated into its wrist hand (FMW/H) and shoulder elbow (FMS/E) components.

Cortical excitability was measured in terms of Resting Motor-Threshold (RMT) and Motor Evoked Potential (MEP) amplitude using Transcranial Magnetic Stimulation (TMS) over ipsilesional according to the standard protocol (Thair et al., 2017) on cortical representation area of EDC muscle between Cz and C3/C4 of the contralateral primary motor cortex with reference to the Electroencephalogram (EEG) cap. RMT was defined as the minimum intensity of TMS required to elicit an MEP in the target contralateral-muscle in five out of 10 trials, recorded in EMG, over the muscle cortical representation in the primary motor cortex. MEP obtained can be recorded as EMG activity in a target contralateral muscle. MEP encapsulates information relevant to the cortical excitability of the brain providing insights into membrane excitability of neurons, conduction and functional integrity of cortico-spinal tract, and neuromuscular junctions and is of prognostic importance in disease monitoring (Singh et al., 2019b). MEP should be ≥ 50 μv peak-to-peak amplitude at the hotspot in five out of 10 consecutive trials. The five MEP signals were then averaged for reporting.



2.5. Experimental set-up

The patient sat comfortably in the chair, kept forearm pronated, elbow joint at 90–120° flexion, wrist joint at a neutral position, and fingers at rest. The disposable gel-based wet Ag/AgCl surface electrodes were used in a bipolar configuration in which active electrodes were placed on the muscle belly of EDC with a center-to-center inter-electrode distance of 20 mm and the ground electrode was placed on the lateral epicondyle. Muscle contraction causing extension of the third digit of the hand was observed for identification of muscle belly and electrode placement. Electrodes were connected to the EMG amplifier and with TMS [type-D70 (AC), serial no. 0326, Magstim Rapid2, United Kingdom]. Specific hotspot for the EDC muscle was determined. Single-pulse TMS stimuli at the Resting motor threshold (RMT) were applied with the procedure widely used, using a flat 70 mm figure-of-eight coil placed tangentially with the handle pointing toward the back, 90° to the central sulcus and 45° to the midsagittal line for transsynaptic activation of the corticospinal tract (Rossini et al., 2015). TMS-stimuli were delivered by moving the coil in millimeters in all directions until the hotspot, producing maximum MEP response, was localized. Cortical-excitability once the hotspot was localized, RMT was measured by progressively increasing the Maximum Stimulator Output (MSO) starting from stimulus intensity of 35% in steps of 2–5% until a reliable MEP (>50 μV peak-to-peak) appears (Rothwell et al., 1999). Then, MSO is lowered in steps of 1% until there are five consecutive responses out of 10 trials. Each pulse was given at an interval between each stimulus of >5 s (Rossini et al., 2015).



2.6. Experimental protocol

Once the patient with spasticity is comfortable with the exoskeleton device mounted on the affected hand and can voluntarily make an effort for wrist extension, TMS-coil was set on the “hotspot” of EDC-muscle cortical-representation marked during RMT acquisition. Once the MEP was determined at the hotspot, the location of the hotspot was measured (with measuring tape) wrt nasion, inion, pre-auricular point, and Cz. The location of the hotspot was also noted on the 10–20 system EEG cap to maintain the position across the sessions. The stability of the hotspot of EDC muscle throughout the experiment was ensured by marking the area with a permanent marker (Werhahn et al., 1994; Awiszus, 2003; Thair et al., 2017; Singh et al., 2019b). The primary requirement of system hardware is to simultaneously trigger the TMS pulse and the exoskeleton-device, once the intention of the movement is detected in EMG. EMG-acquisition-system connected to the custom-designed hardware having a novel algorithm detects if the predefined activation threshold is crossed. Once the threshold is crossed, it simultaneously actuates the exoskeleton device and sends a Transistor-Transistor Logic (TTL) pulse to the TMS machine for generating a single-pulse TMS, in real-time.

The protocol had each motion trial fixed to 10 s that included a “voluntary-cue” for attempting the wrist extension (3 s), completing movement (5–7 s, depending on the motion parameters chosen based on clinical presentation), and remaining as the “rest-time” (remaining in 10-s; Figures 1B,C). During each 10-s trial, if (only) the voluntary effort is made within the voluntary-cue (3 s) and crosses the predefined EMG-activation-threshold, the controller in real-time simultaneously performs three tasks: (i) triggers single-pulse TMS at the hotspot, (ii) actuates exoskeleton-device (assisting wrist-extension), and (iii) provides performance-biofeedback (Figures 1B,C). A 10-s trial time was given to the patients with spasticity to put effort, completing the movement and relaxing the muscle with spasticity after the movement. 10 s is divided into three sections—3 + ~5 + ~1 s, hence, the first 3 s is a voluntary-trial to detect the EMG (to trigger TMS and Exoskeleton). Another 4–6 s to make movements assisted by the exoskeleton will depend on the clinical presentation of patients (range of motion, speed; Figure 1C). Since the protocol allows the experimenter to choose the motion parameters (range of motion and speed), depending on the patient’s clinical presentation (comfortable range of motion, contractures, and pain), each patient completed the movement at a different time, and the remaining few seconds (~1–2 s) will be given as a delay for getting the patient’s hand with spasticity relaxed and to maintain the consistency of protocol as 10 s trial. Depending on the individual clinical presentation, if the patient wants to take rest in between the trials due to fatigue, pain, or spasticity, the patient might make a voluntary effort after a gap of 1–2 s between any trials of 10 s each. If (only) the activation threshold is reached by voluntary effort, the controller triggers TMS-pulse and exoskeleton device and if it does not reach the predefined threshold in the first 3 s, trial-cycle is missed and the system is reset to begin a new trial, starting with visual voluntary-cue via green LED, maintaining the consistency of 10-s in the protocol. TMS-pulse is delivered within first-half of the EMG-burst generated by EDC (within the time of voluntary-trial time; Figure 1C) as soon as the predefined activation threshold on RMS-EMG is crossed, the average time-interval from the crossing of EMG-threshold to delivery of TMS-pulse being less than 50 ms.

As each complete trial (presented in Figure 1D) lasted 10 s (voluntary cue, movement, and rest time) and TMS stimulated the motor cortex once in 10 s by delivering single-pulse TMS, implying 0.1 Hz frequency, as used in literature (Buetefisch et al., 2011; Revill et al., 2020). Single-pulse TMS was applied at 100% Motor-Threshold, generating MEP at every pulse, synchronous with every voluntary wrist extension. If the patient with spasticity has to be voluntarily involved and with movement throughout the session, spasticity should be considered profoundly, i.e., time taken by muscle to initiate the movement, complete the movement, relax after the movement, and prepare for the movement the next trial.

Two types of bio-feedbacks in real-time were provided- intrinsic proprioceptive-biofeedback via exoskeleton-device assisting the movement and extrinsic adaptive visual-performance biofeedback, which was made proportional to RMS EMG amplitude. The visual feedback to the brain is given by the LEDs and the number of glowing LEDs is proportional to the effort by the patient during the assistance of movement (wrist extension) in real-time. Out of four EMG thresholds, other than the (first) activation threshold which triggered TMS-pulse and exoskeleton-device simultaneously, three other RMS EMG thresholds were pre-determined and calibrated as directly proportional to (glowing rows of LEDs) 8*8 dot-matrix and made adaptive after few trials. After the first 20 initial trials (as training), these three thresholds were used to make the EMG-performance biofeedback adaptive, (i.e., the number of times the thresholds were consistently attained/not attained), were used to constantly increase/decrease the visual performance feedback targets during device-motion in each cycle in real-time.




3. Results

All patients were able to comprehend and complete the session in time and tolerated sessions well with no complaints.


3.1. Demonstrating the activity-dependent TMS system in one session

After written informed consent, three patients (n = 3) were enrolled (Table 1) and clinical measures were obtained (Table 2). Each session of TMS synchronized with the exoskeleton-device and feedback (TSEF) platform, had ~270 trials of 10 s corresponding to 45 min and was given to three patients each. Three patients with different spasticity, on Modified-Ashworth-Scale (MAS = 1, 1+, and 2) at wrist-joint, completed their session in their timing (instead of 45-min session)- 50.85, 50.96, and 53.8 min respectively, with an average of 51.87 ± 1.67 min. The patients with (more) spasticity tend to take (more) inter-trial intervals and hence, with the increase in spasticity, the session time also increased. With respect to MAS-1 patients, patients with MAS-2 tend to take more time and had a difference of ~3 min (corresponding to ~18 trials of 10 s each) taken in between the trials. Additional 3 min’ rest were given to all the patients in between the session as rest.



TABLE 1 Details of enrolled patients.
[image: Table1]



TABLE 2 Details of patients’ pre- and post-sessions measures of clinical scales and cortical-excitability.
[image: Table2]



3.2. Proof-of-concept study

After a demonstration of the TSEF protocol on three patients (section 3.1), a Proof-of-concept study was attempted for exploring the differences in clinical gains and cortical-excitability in patients with two groups: TSEF-group (n = 3, age = 36.3 ± 14.5, chronicity = 6 ± 3 months same patients as section 3.1) and physiotherapy group (n = 3, age = 40 ± 0.2, chronicity = 8.33 ± 0.5 months; serving as control). All six patients were right-handed, male with non-hypertension; five were non-diabetic, and two had a history of stroke in the family (Table 1). Clinical measures were acquired the day before the first-session and the day after the 20th-session (Table 2) along with the subjective-feedback (from TSEF-group, Table 3). In TSEF sessions, patients were motivated by the therapist for putting effort for wrist movement. TSEF sessions were given 45 min/per day for 20-sessions via the coil-holder system. The control-group received the dose-matched physiotherapy of 45 min/day for 20-sessions (details in Supplementary material).



TABLE 3 Patient’s Subjective Feedback given in the TSEF group.
[image: Table3]

Post 20-sessions, reduction in spasticity of wrist joint on MAS was also observed with one grade each in all three patients, however, control-group showed no change in spasticity post 20-sessions (Table 2). TSEF also showed considerable clinical gains (Barthel Index—mean 18.3, FMUE—mean 8.6 units, and PROM—mean 21.7 units), however, control-group showed minimal increase in clinical-gains (Barthel-Index—mean 6.6 units, FMUE—mean 4.3 units, and PROM—mean 10 units). FM for the upper-limb (FMUE) signifies measurement of sensorimotor functions of the whole arm including shoulder, elbow, wrist, and hand. Evaluating recovery at distal joints (Wrist/Hand) is critical in this study as it is focused on distal joints with exoskeleton training in TSEF sessions (along with stimulation of cortico-representation hotspot of EDC muscle responsible for wrist extension movement). Hence, we segregated FMUE (FM-upper-limb) into proximal-joints FMSE (FM-Shoulder/Elbow) and distal-joints FMWH (FM-Wrist/Hand). Post 20-sessions, in TSEF-group FMWH score was observed to increase in all three patients (P1 by 4 units, P2 by 4 units, and P3 by 3 units), however, control-group showed improvement in only one patient by 1 unit (Table 2).

Pre-therapy, MEP were not obtained in two patients (P1 and P3) in TSEF-group and one patient (P5) in control-group, even after giving 100% Maximum Stimulator Output possibly due to decreased cortical-excitability after stroke (Chen et al., 2008) and for these patients, hotspot was determined for the unaffected hand at unaffected-hemisphere and the corresponding measurements were made for the affected-hemisphere, a standard procedure described in the literature (Chang et al., 2010; de Freitas et al., 2023). After 20 intervention-sessions in TSEF-group, patients demonstrated improvement in cortical-excitability (Table 2) i.e., P1 and P3 showed the appearance of MEP at decreased RMT. The mean MEP increased by ~48.5 μV at a decrease of mean RMT by ~15.6%, however, post 20 physiotherapy-sessions in control-group, the cortical-excitability remained same for all the patients with mean MEP increased by ~2.33 μV at a decrease of mean RMT by ~1% (Table 2).

Subjective feedback (Table 3) by patients showed the experience of TSEF sessions WRT patients’ experience. Adjustments in the table’s height and angles and arrangement for the thumb were suggested along with a request to make it a multi-joint training device. The patient suggested that due to spasticity, the duration of use could not be longer due to fatigue caused in the hand.




4. Discussion

A novel Activity-Dependent TMS with a two-way feedback system and novel protocol, to voluntarily involve the patient throughout the sessions, has been developed and its functioning has been demonstrated along with a feasibility-study (intervention n = 3 and controls n = 3). We attempted to close the loop between the intrinsic brain state, cortical stimulation, and biofeedback (intrinsic-proprioceptive and extrinsic-visual) to the brain. In every 10-s trial, the EMG-triggered TMS platform uses real-time EDC-muscle EMG to simultaneously (a) trigger impaired EDC muscle cortical representation (by voluntary-activated EDC muscle activity); (b) actuate exoskeleton-device utilizing use-dependent-plasticity and providing intrinsic-proprioceptive-biofeedback via skin-mechanoreceptors, muscle-spindles, joints, etc., by assisting the attempted movement completing the sensorimotor-loop (Gomez-Rodriguez et al., 2011); and (c) provide extrinsic adaptive visual performance-biofeedback, considering the criticality of intrinsic and extrinsic-biofeedback in post-stroke recovery (Gomez-Rodriguez et al., 2011). This strategy potentially synchronizes a group of neurons excited for muscle activity and exoskeleton training with another group of neurons through TMS-pulse leading to the strengthening of synaptic connections between these two groups of neurons, facilitating Hebbian-learning (Gerstner, 2011; Revill et al., 2020). Moreover, neuroplasticity happens in synaptic connections between motor neurons firing voluntarily and neurons activated by stimulation (Edwardson et al., 2013). In non-human primates, motor-cortex activity associated with movement lasts for 250 ms after EMG-onset, therefore, TMS-pulse was applied to the motor cortex within the first half of EMG-bursts, to arrive synchronously with cortical activity in the motor cortex generating wrist-extension (Revill et al., 2020).

Using a functionally important and often affected muscle, i.e., EDC is neuro-anatomically and physiologically justified and was attempted to target impairment-oriented-functional-neuroplasticity, unlike the APB muscle used commonly (Izumi et al., 2008; Hoogendam et al., 2010). Considering the criticality of feedback in stroke rehabilitation, the proprioceptive feedback during exoskeleton assistance is considered an overarching somatosensory-theme, through mechanoreceptors consisting of joint-position sense, kinaesthesia, sense of force, and sense of joint-velocity on stretch-receptor in ligaments and muscle-spindles (Ager et al., 2020). The proprioceptive feedback to the brain is known to modulate the ongoing cortical activity, completing the sensorimotor loop (Darvishi et al., 2017), which we are exploring in this study (during the assistance of wrist extension by exoskeleton-device simultaneous with the MEP at every trial). Post-sessions, the relative % change in all clinical scores was observed in both groups. With TSEF-group, MAS showed a decrease of 46%, with an increased Barthel Index of 24%, FMUE 23%, and PROM 118%, however, in control-group, MAS does not show any change, with increased Barthel Index of 11%, FMUE 19%, and PROM 75%. It is worth noting that in TSEF-group, FMWH, a relevant joint in training, showed a considerable increase of 31% compared to only ~5% increase in control-group (Table 2).

The improvements in cortical-excitability (of EDC-hotspot involved in cortical stimulation) were observed in TSEF-group. Post-sessions, 2/3 of patients showed the appearance of MEP at decreased RMT. In TSEF-group, MEP was increased by 129% at a decrease of RMT by 18%, however, in control-group, the MEP was observed to increase by only ~5% at a decreased RMT of ~1% (Table 2). Increased cortical-excitability with decreased spasticity, along with specifically increased FMWH and passive-ROM indicated functional gains. Patients seemed more confident in ADLs like holding the door knob or having a glass of water while continuously holding the glass. As the functional gain is critically dependent on the motor cortex, improved cortical-excitability (increased MEP at decreased RMT), and clinical gains observed in this might suggest clinically relevant neuroplasticity (Revill et al., 2020). Although, improvement might be pertaining to exoskeleton training alone and needs to be further investigated in the future with larger-cohort, the clinical gains and increase in cortical-excitability are in line with the ADS studies in literature for animals, healthy and stroke patients, indicating the feasibility of patient-specific ADS with feedback to capitalize the unique physiology resulting in robust neural plasticity (Edwardson et al., 2013; Revill et al., 2020). The subjective feedback asserted towards the acceptability of the protocol and precious suggestions and feedback, such as placement of visual feedback, the height of the table where the exoskeleton is placed, about improving the comfort for future protocols and their acceptance and “look forward” approach towards such protocols for other proximal joints as well.

Spasticity is a rarely discussed obstacle in stroke-rehabilitation literature, which might be pertaining to the clinical challenges involved in dealing with spasticity. TSEF sessions showed to decrease the spasticity in each patient, and have the potential to be tailored to each patient with different spasticity. The critical effect of spasticity from MAS 1 to 1+ to 2 was observed in this feasibility-study for the TSEF-group, the inter-trial interval was found to be increased with an increase in spasticity, indicating the importance of individualized patient-specific tailored-protocol with inter-trial interval and “rest-time” within each trial. A similar observation is also indicated by patients’ subjective-feedback number-9 (Table 3) which speaks profoundly about the acceptability of the individualized protocol tailored according to the spasticity as the patient can decide the inter-trial interval. If a patient with spasticity has to be involved in a therapy process that is meant to be voluntary and with the movement, therapy should take the spasticity as a critical consideration, i.e., time taken by the muscle to initiate the movement, complete the movement, relax after the movement, and prepare for the movement for the next trial. The rationale behind 0.1 Hz frequency TMS for the proposed customized Hebbian stimulation was that the patient (with spasticity) has to be voluntarily involved throughout the therapy process and cortical stimulation should be synchronized with neural activity (attempt of wrist extension).

The proposed protocol was voluntary-activated with patient-specific inter-trial intervals, to ensure the patient with spasticity makes effort only when comfortable enough, patient was actively and voluntarily involved in the process instead of passively sitting during rTMS-therapy. With the given advantage of the exoskeleton being customizable in terms of motion parameters according to different ranges of clinical presentation (spasticity, contractures, and pain), finger height-support, voluntary-activated, and configurability of residual-EMG of individual-patient, the individualized and voluntary-activated protocol might be able to serve large patient-population. The main limitation of this proof-of-concept study is the small number of patients and the absence of long-term outcome assessments. Since, all the patient cohort included in this study were found to be young, generalization of results to a larger cohort of the patient population is not possible and warrants further investigation on a larger cohort.



5. Conclusion

An individualized TSEF platform having the potential to be tailored to each patient with different spasticity has been developed, and demonstrated and its clinical potential has been evaluated in the feasibility-study. An increase in cortical-excitability and clinical-gains were observed which was not observed in control-group. Being voluntarily involved during the whole brain stimulation protocol might add clinically relevant neuroplasticity.
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Background: Globally, more than 10 million new stroke cases occur annually, of which aphasia accounts for about one-third. Aphasia has become an independent predictor of functional dependence and death for the stroke population. The closed-loop rehabilitation of combining behavioral therapy with central nerve stimulation seems to be the research trend of post-stroke aphasia (PSA) due to its advantages in improving linguistic deficits.

Objective: To verify the clinical efficacy of a closed-loop rehabilitation program combining melodic intonation therapy (MIT) with transcranial direct current stimulation (tDCS) for PSA.

Methods: This was a single-center, assessor-blinded, randomized controlled clinical trial, which screened 179 patients and included 39 PSA subjects, with the registration number ChiCTR2200056393 in China. Demographic and clinical data were documented. The primary outcome was the Western Aphasia Battery (WAB) used to assess language function, and the secondary outcomes included Montreal Cognitive Assessment (MoCA), Fugl-Meyer Assessment (FMA), and Barthel Index (BI) for evaluating cognition, motor, and activities of daily living, respectively. With the computer-generated randomization sequence, subjects were randomly divided into the conventional group (CG), MIT combined with sham stimulation group (SG), and MIT combined with tDCS group (TG). After the three-week intervention, the functional changes in each group were analyzed by the paired sample T-test, and the functional difference between the three groups was analyzed by ANOVA.

Results: There was no statistical difference on the baseline. After the intervention, the WAB’s aphasia quotient (WAB-AQ), MoCA, FMA, and BI were statistically different in SG and TG, including all the sub-items in WAB and FMA, while only listening comprehension, FMA, and BI were statistically different in CG. The differences of WAB-AQ, MoCA, and FMA were statistically different among the three groups, but BI was not. The post hoc test results revealed that the changes of WAB-AQ and MoCA in TG were more significant than the others.

Conclusion: MIT combined with tDCS can augment the positive effect on language and cognitive recovery in PSA.

KEYWORDS
 stroke, aphasia, tDCS, melodic intonation therapy, closed-loop rehabilitation


1. Introduction

Globally, more than 10 million new stroke cases occur annually, of which post-stroke aphasia (PSA) accounts for about one-third (Stefaniak et al., 2020). About 21–40% of stroke patients have persistent language impairment symptoms, which seriously affect the quality of life (Cichon et al., 2021). Research has shown that aphasia is an independent predictor of functional dependence and death after stroke, which has led to aphasia, an acquired language defect, becoming a clinical problem to be solved urgently (Stefaniak et al., 2020). At present, speech-language therapy (SLT) in behavioral science is still the mainstream treatment for aphasia (Fridriksson and Hillis, 2021). High-dose and high-intensity SLT is beneficial to the functional recovery of PSA (Breitenstein et al., 2017), but when SLT is more than 2 h per day, the benefit does not increase significantly (Rehabilitation and Recovery of People with Aphasia after Stroke, 2022). In the context of limited medical resources, treatment strategies need to be reconsidered based on the existing evidence to maximize language recovery and cost-effectiveness.

The closed-loop rehabilitation is a treatment paradigm designed based on the central-peripheral-central concept, which organically combines central nervous system regulation with peripheral therapy to compensate for the limitations of simple peripheral or central intervention. In closed-loop rehabilitation that can activate functional pathways, the central intervention represented by non-invasive brain stimulation (NIBS) can promote the activation of corresponding brain functional areas and enhance neuroplasticity, and peripheral intervention represented by behavioral therapy strengthens positive feedback through continuous input of motor and sensory signals, and some scholars believe that neuroimmunology mechanisms may also be involved (Jia, 2022). Several studies provide clues to closed-loop treatment strategies that boost functional recovery in aphasia (Vines et al., 2011; Wang et al., 2014; Fridriksson et al., 2018a,b; Cichon et al., 2021; Sheppard and Sebastian, 2021). However, the combination of peripheral and central interventions requires more evidence of randomized controlled trials to support its clinical implementation.

Multi-center cross-sectional study shows that there is a positive correlation between upper limb motor function and language function in the stroke population (Xu et al., 2021), which may suggest giving priority to treatment models involving both upper limb movement and language. Melodic Intonation Therapy (MIT) can be applied to aphasia, especially non-fluent aphasia caused by ischemic damage in the left dominant hemisphere (American Academy of Neurology, 1994; Cichon et al., 2021). MIT mainly emphasizes the use of external features of speech, such as intonation, rhythm, stress, etc., to recite polysyllabic words, high-frequency phrases, long sentences, and complex sentences musically, and finally to communicate in a normal rhythm and intonation (Cichon et al., 2021). During the treatment, allow the patient to clap according to the rhythm (Haro-Martinez et al., 2019). Compared with conventional speech therapy, MIT, as a behavioral therapy, has shown its advantages in the functional recovery of spontaneous, comprehension, repetition, naming, communication, and other aspects (Kasdan and Kiran, 2018; Huang et al., 2021; Zhang X. Y. et al., 2021; Zhang X. et al., 2021; Siponkoski et al., 2023). With the onset of PSA, the earlier MIT gets involved, the more significant this advantage will be (van der Meulen et al., 2014, 2016). The researches show that MIT is an intervention that is expected to improve language ability in the long run and is effective for many language families (Cortese et al., 2015; Martzoukou et al., 2021; Zhang X. Y. et al., 2021; Zhang X. et al., 2021).

In addition, NIBS has become an important auxiliary means for the treatment of PSA. There is evidence that NIBS is effective for aphasia symptoms and augments the effect of behavioral therapy through a neural plasticity mechanism (Fridriksson and Hillis, 2021). Transcranial direct current stimulation (tDCS), as a technology in NIBS, has great potential in central regulation (Duncan et al., 2020). The results of the systematic review and meta-analysis show that the most effective intervention of tDCS in improving language function may be to stimulate the inferior frontal gyrus (IFG) of the left dominant hemisphere with the anode (Elsner et al., 2020). Its mechanism is that the tDCS anode depolarizes the neuron cell membrane, thereby enhancing cortical activity (Duncan et al., 2020; Cichon et al., 2021). It is generally believed that tDCS is a therapeutic method with minimal risk and may be one of the most promising therapeutic methods besides language training (Bikson et al., 2016).

To optimize the outcome of rehabilitation, this trial was designed to verify whether tDCS anode stimulation of left IFG combined with MIT can augment the positive effect and provide a more evidence-based basis for aphasia rehabilitation.



2. Materials and methods


2.1. Trial design and sample size calculation

This was a single-center, assessor-blinded, three-arm, randomized controlled trial, granted by the Ethics Committee of the Third Affiliated Hospital of Xinxiang Medical University (ethical approval no. K2021-040-01), with the registration number ChiCTR220056393 in China. The software of Power Analysis and Sample Size Version 15.0.5 (PASS V15.0.5) was applied to calculate the sample size. The enrolled participants were evenly allocated to three arms in a ratio of 1:1:1. Based on the previous research results, the estimated effect size was 0.58. With the 0.05 two-sided significance level (α = 0.05) and an 80% power of the test (β = 0.2), 13 cases per arm were calculated considering a 15% dropout rate.



2.2. Participants

39 PSA from the Third Affiliated Hospital of Xinxiang Medical University were recruited between December 2021 and October 2022.

The inclusion criteria were as follows: (a) right-handedness, (b) Chinese as the first language, (c) first stroke, (d) ischemic lesion of the left hemisphere, (e) course >1 week, (f) aphasia quotient (AQ) of Western Aphasia Battery (WAB) lower than 93.8, (g) non-fluent aphasia demonstrated by the Chinese aphasia fluency characteristics scale score of 9–13, (h) can cooperate to complete all assessments and treatments, and sign informed consent.

The exclusion criteria were as follows: (a) recurrent stroke, (b) history of brain surgery or metal implantation, (c) history of seizures, (d) sensitive scalp, (e) cerebellar and brainstem lesions or severe dysarthria, (f) severe audiovisual impairment, (g) other serious medical diseases or unstable conditions.



2.3. Outcome measures

In this study, WAB, as the primary outcome, was used to judge whether it was PSA and the severity. The AQ of WAB (WAB-AQ) was indirectly calculated from the scores of four sub-items of spontaneous, listening comprehension, repetition, and naming obtained through direct testing. For example, the evaluator provided scores of fluency and information content, which were added together to obtain the score of spontaneous speech, according to the scoring standards of WAB after the patient answered the questions. Combined with symptoms, medical history, and imaging data, stroke patients with a WAB-AQ lower than 93.8 points were judged as PSA, and the lower the WAB-AQ, the more severe the aphasia (Kertesz and Poole, 2004; Yan et al., 2022a). The secondary outcome measures included the Montreal Cognitive Assessment (MoCA), Fugl-Meyer Assessment (FMA), and Barthel Index (BI), which were selected to evaluate the cognitive function, motor function, and activities of daily living, respectively (Shah et al., 1989; Gladstone et al., 2002; Nasreddine et al., 2005). It should be pointed out that the evaluation of motor function was divided into FMA Upper Extremity (FMA-UE) and FMA Lower Extremity (FMA-LE) in this trial. The corresponding data were collected at baseline (T0) and week 3 (T1) by uniformly trained evaluators, who were blind.



2.4. Intervention

The random sequence was generated by the computer-generated random numbers. The random number was placed in a sealed and opaque envelope and implemented by the independent researcher. All subjects were divided into the conventional group (CG), MIT combined with sham stimulation group (SG), and MIT combined with tDCS group (TG) based on the random numbers.

CG: The speech therapist provided 30 min one-on-one training to the patient once a day, with a total dose of 15 sessions over 3 weeks, including voice induction, monosyllabic and polysyllabic word, and sentence pronunciation, picture naming, picture speaking, etc.

SG: (a) MIT: Each one-on-one training lasted for 30 min, with a total dose equivalent to conventional treatment. The patient was induced to use rhythmic hand tapping to facilitate the reproduction of items. MIT consisted of three levels, from words to phrases to sentences, with gradually increasing difficulty. Patients could not progress to the next difficulty level unless they could complete more than 95% five times in a row. The speech therapist gradually reduced assistance until the patient regained independent verbal expression in an almost normal manner. (b) Sham stimulation: The anode of tDCS acted on the left IFG of the cerebral hemisphere, and the cathode is placed on the right supra-brow frontal region. Each session only lasted for the first 30s and the duration was 15 sessions over 3 weeks.

TG: (a) MIT: same as SG; (b) tDCS: The location of electrodes was the same as SG. The stimulation intensity was 1 mA, lasting for 20 min per day, and the duration of tDCS was 15 sessions over 3 weeks.

The equipment used in this study was an ActivaDose®II portable transcranial direct current stimulator manufactured by ActivaTek Company of the United States.



2.5. Statistical analysis

Statistical analyses were conducted using SPSS 25.0 (IBM Corporation, Armonk, NY, United State). The mean values of three groups of continuous numerical variables were compared using one-way ANOVA. Categorical variables were expressed by rate, using Pearson’s Chi-square test. In the baseline characteristic analysis of this study, age, years of education, post-stroke duration, NIHSS, WAB, MoCA, FMA, and BI were statistically analyzed by one-way ANOVA, and gender was analyzed by Pearson’s Chi-square test. The paired sample T-test was used to statistically analyze the functional changes of each group of subjects before and after the intervention. The functional difference between the three groups of subjects before and after the intervention was statistically analyzed using the method of one-way ANOVA, and the variables with statistical differences among the three groups were further compared with each other using the post hoc test. A two-sided p < 0.05 was considered to be statistically significant in this study.




3. Results


3.1. Baseline characteristics

Between December 2021 and October 2022, we assessed 179 patients for eligibility. 39 patients (22%) were enrolled and randomly assigned to CG, SG, and TG according to the ratio of 1:1:1 (Figure 1). The participants had a mean (SD) age of 58.6 (11.1) years, had 11 (3) years of education, and were 5 (9) months from stroke onset. There were 17 (44%) females, and the median NIHSS score before intervention was 15 (IQR 13–19). The three arms before intervention had no statistical difference in demographic and clinical characteristics (Table 1).

[image: Figure 1]

FIGURE 1
 Flow diagram. WAB, Western Aphasia Battery; MoCA, Montreal Cognitive Assessment; FMA, Fugl-Meyer Assessment; BI, Barthel Index; CG, conventional group; SG, melodic intonation therapy combined with sham stimulation group; TG, melodic intonation therapy combined with transcranial direct current stimulation.




TABLE 1 Baseline characteristics.
[image: Table1]



3.2. Comparison of functional values before and after intervention in each group

In CG, except for WAB-AQ (37.746 ± 37.172, p = 0.06) and MoCA (5.08 ± 7.740, p = 0.190), FMA (35.00 ± 25.668, p = 0.008) and BI (52.69 ± 23.859, p < 0.001) were improved after intervention, which was statistically significant. The analysis results of sub-items in WAB and FMA showed that there was no statistical difference in other sub-items except listening comprehension (89.62 ± 86.358, p = 0.017), FMA-UE (19.38 ± 16.556, p = 0.019), and FMA-LE (15.62 ± 9.760, p = 0.017). In SG and TG, the functional value changes of WAB-AQ, MoCA, FMA, and BI before and after intervention were statistically significant, including the sub-items of spontaneous, listening comprehension, repetition, naming, FMA-UE, and FMA-LE (p < 0.05; Table 2; Figure 2).



TABLE 2 Comparison of functional values before and after intervention in each group.
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FIGURE 2
 The functional values before and after intervention in three groups. (A) The values of AQ before and after intervention in three groups. (B) The values of MoCA before and after intervention in three groups. (C) The values of FMA before and after intervention in three groups. (D) The values of BI before and after intervention in three groups. AQ, aphasia quotient; MoCA, Montreal Cognitive Assessment; FMA, Fugl-Meyer Assessment; BI, Barthel Index; CG, conventional group; SG, melodic intonation therapy combined with sham stimulation group; TG, melodic intonation therapy combined with transcranial direct current stimulation; T0, baseline; T1, week 3.




3.3. Comparison of functional differences among three groups

The difference of WAB-AQ (p < 0.001), MoCA (p = 0.024), and FMA (p = 0.044) before and after the intervention was statistically different among the three groups, but BI (p = 0.154) was not. The statistical analysis of sub-items in WAB and FMA showed that there were statistical differences in the functional differences among the three groups in spontaneous (p = 0.003), listening comprehension (p = 0.001), repetition (p = 0.005), naming (p = 0.005), and FMA-UE (p = 0.041), but FMA-LE (p = 0.432) was not (Table 3).



TABLE 3 Comparison of functional differences among three groups.
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The post hoc test results of ANOVA showed that the changes of WAB-AQ and MoCA in TG before and after the intervention were more significant than CG (p < 0.001, p = 0.009) and SG (p = 0.01, p = 0.042), and the change of FMA in TG was more significant than CG (p = 0.013), but there was no statistical difference between TG and SG (p = 0.224; Figure 3). In terms of spontaneous and repetition, there was a significant difference between TG and CG (p = 0.001, p = 0.001), while there was no significant difference between TG and SG (p = 0.076, p = 0.067). In terms of comprehension and naming, there were significant differences between TG and CG (p < 0.001, p = 0.002) and SG (p = 0.01, p = 0.011). As for FMA-UE, TG showed a more significant improvement than TG (p = 0.012), while there were no statistical differences between the other groups.
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FIGURE 3
 The functional difference before and after the intervention. (A) The difference of AQ before and after intervention in three groups. (B) The difference of MoCA before and after intervention in three groups. (C) The difference of FMA before and after intervention in three groups. (D) The difference of BI before and after intervention in three groups. Δ, subtract the baseline score from the 3-week score; AQ, aphasia quotient; MoCA, Montreal Cognitive Assessment; FMA, Fugl-Meyer Assessment; BI, Barthel Index; CG, conventional group; SG, melodic intonation therapy combined with sham stimulation group; TG, melodic intonation therapy combined with transcranial direct current stimulation.


No serious adverse events occurred during the whole study.




4. Discussion

In this trial, tDCS, as a central stimulus, activated the left dominant hemisphere language functional area through anodic stimulation, and MIT, as a peripheral stimulus, strengthened positive feedback through continuous input of signals including motion, vision, and hearing. Together, they formed the complete closed-loop treatment system for aphasia to explore the clinical efficiency of the closed-loop scheme on functional recovery and provide a clinical reference for linguistic rehabilitation. The results of this study revealed that, immediately after the intervention, both SG and TG improved in terms of language function, while CG was not significantly. Although SG and TG had a similar effect on spontaneous and repetition, SG was inferior to TG in comprehension and naming, and the overall efficiency of TG was better than SG.

Language recovery was related to nervous system reorganization (Stefaniak et al., 2020). The review showed that the closed-loop rehabilitation system could augment the positive effect of simple peripheral or central stimulation (Jia, 2022), which was related to a previous study that concluded that peripheral intervention combined with central intervention enhanced synaptic plasticity more strongly than any individual intervention (Fritsch et al., 2010). Based on extensive activation of the cerebral cortex by tDCS, TG, combined with behavioral training, enhanced the plasticity of synapses participating in specific tasks, which would appear in the short term and continue in the long term (Fridriksson and Hillis, 2021). This result provided an effective evidence basis for the clinical application of closed-loop rehabilitation of aphasia. Spontaneous neuroplasticity, which could be affected by therapy, was the norm in the early poststroke period (Dabrowski et al., 2019). Remarkably, the mean post-stroke duration of TG is about 8 months, which was longer than the other two groups in this trial, but the therapeutic efficacy of TG was stronger. It might be another piece of evidence supporting closed-loop rehabilitation. In the future, it is necessary to continue to carry out stratified research according to the course of the disease. Additionally, although SG was superior to CG, it had limitations in integrally improving communication. 112.5 h of MIT intervention promoted language output but not comprehension (Marchina et al., 2023). Moreover, due to previous studies focusing on behavioral indicators and insufficient imaging evidence, the neurological effect of MIT on aphasia patients was still unclear (Zhang X. Y. et al., 2021; Zhang X. et al., 2021). In this study, there was also a lack of neuroimaging detection, and the potential neural recovery mechanism of closed-loop rehabilitation also needed to be further supplemented.

The results of cognitive function analysis in this study showed that both SG and TG significantly improved after intervention, but CG was not. Moreover, the post hoc test supported the result that TG had the most significant effect on promoting cognitive function. The above results had a similar development tendency with the analysis of language function. Cognition is the general term for the process of recognizing and understanding objects, which belongs to the high-level activities of the cerebral cortex and interacts with language function (Norris et al., 2016; Ardila and Rubio-Bruno, 2018). Some studies had shown that the cognitive level of patients with aphasia after stroke was lower than that of non-aphasic patients, and there was a positive correlation between cognition and language (Fonseca et al., 2019; Yan et al., 2022b). These explained the experimental results and provided evidence for cognition-language integration intervention, which might be further explored in future research.

In language processing, language-related gestures might promote language performance (Grechuta et al., 2019). In our study, we found that although motor function improved in all three groups after treatment, SG and TG showed differences from CG in FMA and FMA-UE. In addition, a positive correlation between language and upper limb motor function was also found in the cross-sectional study (Xu et al., 2021). These suggested that the behavioral therapy paradigm in this trial might also facilitate motor function recovery, especially in the upper limbs, which needed to be verified by larger studies in the future.

The reason why the difference of BI was not statistically different among the three groups might be the lack of language components in BI, and the closed-loop rehabilitation program designed in this study mainly aimed at promoting the recovery of language function. In addition, the ability of daily living reflected by BI could be affected by other non-language factors, such as motor function, auxiliary appliance application, functional compensation, etc.



5. Conclusion

MIT combined with tDCS or sham stimulation is effective for patients with PSA, but the conventional treatment cannot significantly improve aphasia in the short term. Compared with sham stimulation, the closed-loop rehabilitation scheme combining MIT and tDCS can augment the positive effect on language and cognitive recovery in PSA and deserves promotion in clinical practice.
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Transcranial magnetic stimulation (TMS) is a non-invasive brain neurostimulation technique that can be used as one of the adjunctive treatment techniques for neurological recovery after stroke. Animal studies have shown that TMS treatment of rats with middle cerebral artery occlusion (MCAO) model reduced cerebral infarct volume and improved neurological dysfunction in model rats. In addition, clinical case reports have also shown that TMS treatment has positive neuroprotective effects in stroke patients, improving a variety of post-stroke neurological deficits such as motor function, swallowing, cognitive function, speech function, central post-stroke pain, spasticity, and other post-stroke sequelae. However, even though numerous studies have shown a neuroprotective effect of TMS in stroke patients, its possible neuroprotective mechanism is not clear. Therefore, in this review, we describe the potential mechanisms of TMS to improve neurological function in terms of neurogenesis, angiogenesis, anti-inflammation, antioxidant, and anti-apoptosis, and provide insight into the current clinical application of TMS in multiple neurological dysfunctions in stroke. Finally, some of the current challenges faced by TMS are summarized and some suggestions for its future research directions are made.
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Literature search and methods

We retrieved a large amount of literature from Web of Science, Science, SCI-hub, Google Scholar, Pubmed and other databases to search for keywords such as stroke, ischemic stroke, cerebrovascular accident, noninvasive brain stimulation technique (NIBS), transcranial magnetic stimulation (TMS), repetitive transcranial magnetic stimulation, single pulse transcranial magnetic stimulation (spTMS), paired pulsed transcranial magnetic stimulation (ppTMS), theta burst repetitive TMS (TBS), interhemispheric inhibition, cerebral ischemia–reperfusion injury (CIRI), neurotransmitters, excitatory neurotransmitters, glutamate, brain-derived neurotrophic factor (BDNF), Ca2+, neurogenesis, blood–brain barrier (BBB), astrocytes, microglia, oxidative stress injury, apoptosis, upper limb function, lower extremity function, speech, swallowing, cognition, post-stroke depression, spasticity, central post-stroke pain, adverse effects of TMS, and epilepsy, and kicked out studies that reported only protocols, trials that had not yet been completed, and caseloads of less than 8. A total of 136 randomized controlled trials, 23 experimental basic studies, and 5 meta-analyses were finally included (see Figure 1 for details).

[image: Figure 1]

FIGURE 1
 Flow chart of literature search.




Introduction

Stroke is a cerebrovascular disease of the middle-aged and elderly due to impaired cerebral blood flow circulation leading to tissue damage. With the economic and social development of countries, the occurrence of stroke is becoming younger and younger. Stroke includes two types of stroke: ischemic and hemorrhagic stroke, ischemic stroke accounts for 87% of all strokes and is characterized by high morbidity, disability and mortality, and is the leading cause of disability and death induced by human diseases [NCD Risk Factor Collaboration (NCD-RisC), 2021]. According to stroke epidemiology in 2020, the number of stroke patients worldwide is expected to increase by about 30 million per year, which will place a heavy burden on the global society and economy (The Lancet Neurology, 2021). After ischemic stroke, the key treatment strategy to save damaged brain tissue is to achieve cerebral blood flow recanalization. Commonly used treatments include intravenous thrombolysis (Higashida et al., 2003), endovascular therapy (Chen C. J. et al., 2015) and bridging therapy (Albuquerque, 2014), all of which are reperfusion therapies based on thrombolysis and thrombus retrieval as a clinical tool to mitigate further neurological deterioration in stroke patients by salvaging the semidark zone tissue. However, due to the strict time window for cerebral blood flow reperfusion therapy, only about 15% of stroke patients are able to achieve cerebral blood flow recanalization (Wahlgren et al., 2016). Although the time window for thrombolytic therapy in stroke patients has been extended to 24 h in recent years (Ragoschke-Schumm and Walter, 2018), reperfusion therapy still faces great challenges and risks and may even further aggravate neurological deficits in stroke patients, such as neurological disorders in cognition (Delavaran et al., 2017), speech (Schumacher et al., 2019), swallowing (Sreedharan et al., 2022), and sensorimotor function (D'Imperio et al., 2021). Therefore, with the trend of increasing stroke incidence year by year, it is extremely necessary to propose a new adjuvant therapy to improve neurological dysfunction and enhance activities of daily living in stroke patients.

TMS is a non-invasive neurostimulation technique that is painless, non-invasive and needs to be used while the patient is awake, and consists of two main components: the main unit and the treatment cap or probe (with coils). During treatment, the probe is placed on the cerebral cortex to be stimulated and an electric current is passed through the coil to generate a magnetic field, followed by an induced current that affects the cerebral cortex, thus achieving a transient enhancement or suppression of cortical neuroexcitability (Kobayashi and Pascual-Leone, 2003; Rossini and Rossi, 2007; Kesikburun, 2022). TMS has been reported to have neuroprotective effects in a variety of neurological disorders, such as Alzheimer’s disease (Mimura et al., 2021), Parkinson’s (Chen and Chen, 2019), multiple sclerosis (Aloizou et al., 2021), depression (Toth et al., 2022), vascular dementia (Nardone et al., 2011), and stroke (Tosun et al., 2017). Some studies have shown that TMS combined with a variety of rehabilitation treatments can significantly reduce neurological dysfunction, improve the ability to perform activities of daily living, and improve the quality of life of stroke patients (Dionísio et al., 2021; Hoonhorst et al., 2021; Zong et al., 2022). This suggests that TMS is a feasible adjunctive treatment for stroke.

There are differences in the site and timing of TMS stimulation for different dysfunctions in stroke. Currently, the commonly used stimulation sites in stroke are primary motor cortex (M1), left dorsolateral prefrontal cortex (DLPFC), superior temporal gyrus, inferior frontal gyrus, and secondary somatosensory cortex (S2) (Lee et al., 2022). In addition, there are brain areas that are used as stimulation sites according to their functional counterparts. Among these stimulation sites, the primary motor cortex is by far the most commonly used stimulation site, presumably because M1 is the central regulatory point for motor control and functional decision making in the body (Lee et al., 2022); second, M1 is a multi-overlapping, multifunctional cortical area involved in multiple functions such as motor, cognitive, speech, and swallowing. Therefore, for stroke, a multifunctional disorder neurological disease, M1 is one of the common stimulation targets irreplaceable for TMS treatment of stroke disease. In addition, the duration of TMS stimulation time varies, and the determination of its treatment time is related to the acute and chronic stage of the disease, its severity, the patient’s tolerance level, and the treatment goal. However, although TMS has been widely used to improve neurological dysfunction after stroke, its potential mechanisms, optimal stimulation modality, site, frequency, and duration to promote neural repair are not clear and need to be further explored. Therefore, this review will summarize the potential mechanisms of TMS to improve post-stroke neurological function, review the relevant clinical applications of TMS in stroke patients, and summarize the current risks and challenges that remain with TMS.


Classification of transcranial magnetic stimulation

TMS is not only a therapeutic tool for many neurological disorders, but also a common screening or diagnostic tool. When it is applied to the motor cortex of the brain, the target cortical muscles produce corresponding motor evoked potentials (MEP), and the MEP can be recorded in real time with surface electromyography (EMG) to determine the continuity and integrity of motor neural pathways. In addition, the EEG values recorded in combination with EEG are real-time readings of TMS-induced changes in cortical excitability. Thus, TMS can be used as a test tool to record changes in cortical neurological function and brain dynamics. Currently, TMS is often divided into three forms: single-pulse TMS (spTMS) (Henriette et al., 2022), paired-pulse TMS (ppTMS) (Du et al., 2014) and repetitive TMS (rTMS) (Klomjai et al., 2015).

The spTMS is a single-pulse stimulus that occurs every few seconds, and is commonly used to study individual motor thresholds as well as cortical neural excitability (Klomjai et al., 2015; Jarczok et al., 2021). Similarly, ppTMS is the exploration of intracortical circuit excitability (Boulogne et al., 2016) by generating two consecutive pulses of stimulation every few seconds, including both intracortical inhibition (ICI) and intracortical facilitation (ICF) endings, which ultimately lead to different courses of ICI and ICF depending on the intensity of the stimulus before and after the two pulses, and the interval between the two stimuli (Hanajima et al., 2002; Ilić et al., 2002; Mcclintock et al., 2011). The rTMS is a repetitive pulse stimulation of the same frequency and intensity for a certain period of time, and after the cumulative sum of these repetitive pulse stimuli reaches the threshold of evoked neural activity, the stimulated site can briefly produce neural excitatory or inhibitory activity (Vlachos et al., 2012). If rTMS stimulation is repeated several times, then the effects produced can last longer and even form synapses that persist (Kricheldorff et al., 2022).

In addition, rTMS has been extended by simulating the firing pattern of hippocampal neurons with a new type of TMS, in which three pulses at 50 Hz occur at 200 ms intervals, called theta burst repetitive TMS (TBS) (Ferrarelli and Phillips, 2021). Compared with conventional rTMS, TBS can induce longer duration and more intense neural activity with low-intensity, short duration stimulation (Kricheldorff et al., 2022). TBS includes interstitial theta pulse stimulation (iTBS) and continuous theta pulse stimulation (cTBS) (Bai Z. et al., 2022). In general, iTBS increases neuronal excitability and enhances LTP-like effects, while cTBS induces LTD-like effects and suppresses neuronal excitability (Huang et al., 2009). However, not all iTBS and cTBS follow this pattern, as Xue et al. found that cTBS treatment upregulated the release of neurotrophic factors in stroke patients, increased the number of new neurons in the penumbra region, and promoted post-stroke neurogenesis (Zong et al., 2022). The reason for this heterogeneity may be due to the different neuronal populations finally activated by cTBS and iTBS (Volz et al., 2015), as well as the different recruitment of indirect (I) wave in the late corticospinal overhead jerk after stimulation (Di Lazzaro et al., 2008). In addition to TBS, rTMS includes a quadruple pulse stimulation (QPS) with four monophasic pulse stimulation repeated every 5 s (Nakatani-Enomoto et al., 2012), which produces a bidirectional effect when acting on the motor cortex of the brain, i.e., short interval QPS enhances neuroplasticity and long interval QPS inhibits neuroplasticity (Hamada et al., 2008; Ni and Chen, 2008). Although QPS is similar to ppTMS, Masashi et al. found that QPS was more effective than ppTMS in inducing motor cortical neuroplasticity with better persistence and specificity than ppTMS (Hamada et al., 2007).



Effects of transcranial magnetic stimulation parameters on cortical excitability

Impaired excitability of the motor cortex in the hemisphere of the post-stroke lesion results in limited movement of the hemiplegic side of the limb (Liepert et al., 2000), one of the causes of this impairment is dysregulation of interhemispheric inhibition after stroke (Xu et al., 2019). In a healthy state, both hemispheres regulate each other’s cortical excitability via the corpus callosum pathway, so that the bilateral interhemispheric excitability is maintained in balance and no over inhibition occurs (Duque et al., 2005). In contrast, after stroke, interhemispheric inhibition is imbalanced, and cortical excitability in the lesioned hemisphere is reduced by oversuppression of excitability, while cortical excitability in the non-lesioned hemisphere is increased. This leads to a variety of neurological sequelae after stroke and reduces the quality of patient survival (Bütefisch et al., 2008; Wahl et al., 2016; Patel et al., 2019). Therefore, regulation of interhemispheric excitability balance is an indispensable remedy to improve post-stroke neurological dysfunction (Lin et al., 2020; Sharma et al., 2020).

The world’s first transcranial magnetic device was developed in 1985 by Barker et al. (1985) as a tool to study changes in excitability of the motor cortex of the brain after stimulation. So how is the target cortical excitability modulated when TMS is used to treat stroke patients? In general, high frequency TMS (HF-TMS) in the lesioned hemisphere increases cortical excitability and low frequency TMS (LF-TMS) in the non-lesioned hemisphere decreases cortical excitability (Iyer et al., 2003; Kim et al., 2004; Chen M. et al., 2015; Nordmann et al., 2015). However, is there a boundary between HF-TMS and LF-TMS? Most studies consider low frequency ≤ 1 Hz and high frequency > 1 Hz (Modugno et al., 2003; Filipović et al., 2010; Fried et al., 2017; Tugin et al., 2021); some studies consider high frequency ≥ 5–20 Hz (Somaa et al., 2022); and a few other researchers consider high frequency ≥ 3 Hz (Kubis, 2016; Tian and Izumi, 2022). Thus, it seems that LF-TMS is relatively stable compared to HF-TMS, which are in the range of 0-1 Hz, and the majority of studies mostly use 1 Hz (Heide et al., 2006; Meng et al., 2020). And some studies have shown that the inhibitory effect of 1 Hz-rTMS on cortical excitability is the most pronounced (Muller et al., 2014). However, LF-rTMS at 0.25 Hz (Muller et al., 2014), 0.1 Hz (Chen et al., 1997), 0.3 Hz (Cincotta et al., 2003), 0.6 Hz (Khedr et al., 2004), and 0.9 Hz have also been used in some studies (Kricheldorff et al., 2022).

The modulation of target cortical excitability by TMS is also influenced by stimulus parameters (Lang et al., 2006; Taylor and Loo, 2007; Jung et al., 2008; De Jesus et al., 2014). Within a certain range, cortical excitability produces stronger and more sustained effects with increasing TMS pulse number (Tang et al., 2019). In other words, the number of pulses is proportional to cortical excitability within a certain limit (Touge et al., 2001; Peinemann et al., 2004), which also varies from individual to individual. Therefore, when patients receive TMS for the first time, they should be pre-stimulated to explore the optimal TMS parameters. In addition to this, cortical excitability is influenced by stimulation intensity and time. The differences caused by stimulus intensity are mainly related to interindividual motor thresholds (MT) (D'amico et al., 2020; Rizzo et al., 2020). Cortical excitability tends to change at the MT intensity node, with stimulus intensities greater than MT increasing MEP amplitude and thus target cortical excitability; conversely, target cortical excitability usually decreases when stimulus intensities are less than MT (Modugno et al., 2001; Fitzgerald et al., 2002). However, who is more dominant in the effect of TMS frequency and intensity on cortical excitability? Or are they of equal status? Heide et al. (2006) found that rTMS at a frequency of 1 Hz and an intensity of 115% of resting motor threshold (RMT) applied to primary motor cortex (M1) for several minutes resulted in reduced cortical excitability (Meng et al., 2020). This suggests that frequency may be more important for the modulation of cortical excitability. However, a study by Gabrielle et al. using HF-rTMS at three low intensities (70, 80 and 90% of active motor threshold (AMT)) found that only stimulus intensities up to 90% AMT promoted target cortical excitability, whereas both 70 and 80% AMT inhibited cortical excitability (Todd et al., 2006). This suggests that it is the modulation of cortical excitability by stimulus intensity that may be more important. In summary, we suggest that frequency and intensity may be equally important for the modulation of cortical excitability, but that the expected effects differ due to inter-individual differences in MT. Of course, these are our speculations and the exact mechanisms are not yet clear. In addition, target cortical excitability is also influenced by the stimulus waveform (Arai et al., 2005), with monophasic pulses having a stronger cortical excitatory effect due to preferential activation of neuronal populations in the same direction compared to biphasic pulses (Arai et al., 2007).



Potential mechanisms of transcranial magnetic stimulation for stroke

TMS is known to promote the improvement of different neurological functions through different stimulation sites. For example, sites such as M1 (Bai G. et al., 2022), dorsolateral prefrontal cortex (DLPFC; Hara et al., 2021), and parietal cortex (Rushworth and Taylor, 2006) can improve motor, cognitive (Zhang et al., 2022), and speech dysfunctions in stroke patients. However, there is no more comprehensive summary of how TMS facilitates the improvement of neurological function after stroke. Therefore, in the following, we will briefly describe the potential mechanisms of TMS from these aspects.


Transcranial magnetic stimulation regulates the concentration of excitatory neurotransmitter-glutamate

Neuroexcitotoxicity after ischemic stroke is a key link leading to neuronal death, which can induce a series of pathological cascade reactions that eventually lead neurons to apoptosis or necrosis. Neuroexcitotoxicity is mainly caused by Ca2+ overload after cerebral ischemia and hypoxia, massive release of excitatory neurotransmitter glutamate and excessive activation of ionotropic glutamate receptors. Therefore, glutamate receptor inhibitors have been used clinically to block the over-activation of glutamate receptors and thus reduce the damage caused by neuroexcitotoxicity after stroke, but the effect is not very obvious. In recent years, it has been found that TMS can regulate human excitatory neurotransmitter-glutamate levels, which may be one of the potential targets to prevent or mitigate post-stroke excitotoxicity.

TMS can modulate neural activity by regulating glutamate concentrations in the nervous system, e.g., 10 Hz-rTMS significantly downregulates glutamate levels in the striatum (dorsal and NAc; Poh et al., 2019). Similarly, Eugenia et al. demonstrated that rTMS reduces the concentration of neurotransmitters such as glutamate, striatal serine, threonine, sarcosine, and aspartate in the nervous system (Poh et al., 2019). It has also been shown that 0.5-Hz-rTMS leads to significantly higher levels of glutamate in the hippocampus and striatum, but glutamate levels in the hypothalamus are reduced. These results suggest that the regulation of glutamate concentration by rTMS may be influenced by the stimulation site, frequency, and the concentration of glutamate levels in various brain regions, and that its main purpose is to regulate glutamate concentration to a normal range; thus, the mechanism by which rTMS regulates glutamate concentration varies in different brain regions. However, this is our speculation and more studies are needed to verify it (Yue et al., 2009).

In addition, TMS can promote glutamate uptake by neurons and decrease glutamate accumulation between neurons by upregulating glutamate receptor activity or expression. For example, Adeline et al. observed that 1 Hz-rTMS promotes upregulation of glutamate receptor 5 (GluA5) receptor expression (Etiévant et al., 2015). Similar studies have shown that TMS promotes the upregulation of the number and density of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors of glutamate receptor 1 (GluA1; Vlachos et al., 2012; Lenz et al., 2015). Furthermore, in addition to regulating glutamate receptors, glutamate transporter proteins can also regulate extracellular glutamate levels. Therefore, it has been suggested that TMS regulation of glutamate concentration may also be related to the expression of glutamate transporter proteins. A study showed that rTMS promotes upregulation of the expression of genes of glutamate transporter proteins such as EAAT4, GLAST, GLT1, and EAAC24 (Ikeda et al., 2019). This is the first study in which rTMS was observed to regulate the expression of glutamate transporter proteins, providing a potential direction for future studies on the mechanism of rTMS.



Transcranial magnetic stimulation promotes neurogenesis

Neurogenesis plays a pivotal role in promoting improved neurological function after stroke. Brain-derived neurotrophic factor (BDNF), a member of the neurotrophic factor family, is one of the most important regulators of activity-dependent neuroplasticity (Luo et al., 2017). In healthy states, BDNF is involved in promoting neurogenesis in the central nervous system in addition to nutritional support of nerve cells (Tan et al., 2021). For example, it promotes the formation of dendritic spines (Chaturvedi et al., 2020) and facilitates synaptic long-term potentiation (LTP) (Leal et al., 2014). In addition, BDNF regulates the balance of excitatory and inhibitory neurotransmitters in the brain (Karantali et al., 2021). In addition, it has been shown that patients with significantly lower serum BDNF levels and increased brain infarct volume after stroke have a worse functional outcome of stroke (Qiao et al., 2017; Duan et al., 2018). It is thus clear that regulation of BDNF expression has an irreplaceable role in promoting post-stroke neurogenesis.

In recent years, TMS has become an integral part of stroke rehabilitation treatment strategies. Ma et al. (2014) found that 110% RMT, 1 Hz-rTMS activated the BDNF/tyrosine kinase receptor B (TrkB) pathway and promoted neuroplasticity; however, as the stimulation intensity increased to 150% RMT, the BDNF/TrkB pathway was inhibited, the number of synapses decreased, the density and thickness thinned, and neurogenesis was suppressed. In addition, Guo et al. (2014) found that TMS significantly upregulated miR-25 expression and promoted the proliferation of neural stem cells (NSCs) in the subventricular zone of stroke patients. It has also been shown that the proliferation and differentiation of newborn neural stem cells to the ischemic lesion area after stroke is regulated by BDNF, and overexpression of BDNF accelerates the recruitment of newborn neural stem cells and their migration to the ischemic brain tissue area (Young et al., 2011; Jansson et al., 2012). In addition to the above possible mechanisms, it has also been shown that iTBS regulates intrasynaptic Ca2+ concentration by affecting N-methyl-D-aspartate (NMDA) activity, thereby increasing intrasynaptic transmission efficiency and promoting LTP-like effects (Saudargiene et al., 2015; Diao et al., 2022). It is thus clear that TMS promotes improved neurological function after stroke and is closely related to multiple pathway-mediated neurogenesis.



Transcranial magnetic stimulation promotes vascular regeneration

Vascular injury and blood–brain barrier (BBB) disruption caused by ischemia after stroke induces brain edema formation, which exacerbates post-stroke neurological dysfunction (Fagan et al., 2005; Rodríguez-Yáñez et al., 2006). Therefore, promoting angiogenesis becomes one of the potential targets to rescue ischemic brain tissue and improve neurological function. Astrocytes are the most abundant neuronal cells in the brain (Yu G. et al., 2021) and have two phenotypes: classical activation (A1) and alternative activation (A2) (Liddelow et al., 2017). In general, both types of astrocytes play important physiological roles both in healthy and injured conditions. A1-type astrocytes promote the release of inflammatory factors to induce inflammatory responses, while A2-type astrocytes increase the release of angiogenesis-related factors such as transforming growth factor-β (TGFβ) and vascular endothelial growth factor (VEGF) to promote angiogenesis (Blackburn et al., 2009; Liddelow and Barres, 2017).Mark et al. found that chronic intracerebroventricular infusion of VEGF significantly promoted vascular collateral circulation formation and increased vascular density (Harrigan et al., 2002). Sun et al. (2003) also found that increasing VEGF levels stimulated vascular regeneration after cerebral ischemia. In summary, promoting upregulation of VEGF levels by promoting the polarization of A1-type astrocytes to A2-type astrocytes and thus promoting vascular regeneration may be one of the molecular mechanisms to improve neural repair after stroke.

In recent years, with the rapid development of TMS, studies on the mechanism of TMS to improve neurological function after stroke have been increasing. One study showed that 10 Hz-rTMS promoted the polarization of A1-type astrocytes to A2-type, thereby reducing infarct volume and promoting neurological recovery in MCAO rats (Hong et al., 2020). Similarly, Zong X. et al. (2020a) reported that rTMS promoted the polarization of A2-type astrocytes, elevated the levels of angiogenesis-related factors TGFβ, VEGF, and hypoxia-inducible factor 1α (HIF-1α), and increased the density and volume of neovascularization in the penumbra region of MCAO rats. The above studies suggest that one of the mechanisms of neuroprotective effects of TMS is the induction of A2-type astrocyte polarization and promotion of vascular regeneration.



Anti-inflammatory properties of transcranial magnetic stimulation

The immune inflammatory response is rapidly activated after stroke and continues throughout the stroke period. In general, the early inflammatory response contributes to neuroprotection by phagocytosis of dead cell debris or certain harmful toxic substances (Wen et al., 2006), but prolonged inflammatory factor infiltration is detrimental to post-stroke neuronal survival (Qin et al., 2019). Therefore, reducing the inflammatory response and preventing excessive release of inflammatory factors are essential to improve the internal environment for neuronal survival after stroke.

Microglia act as neurological macrophages in the brain and play an important role in maintaining the homeostasis of the intracerebral environment (Ma et al., 2017). There are two phenotypes, classical activated (M1) and alternative activated (M2), which play different roles in response to different stimuli during different pathological stages of ischemic stroke (Hu et al., 2015). M1 microglia release tumor necrosis factor (TNF-α), interleukin 1β (IL-1β), interferon γ (IFN-γ), interleukin 6 (IL-6), inducible nitric oxide synthase (iNOS), matrix metalloproteinase 9 (MMP9), matrix metalloproteinase 3 (MMP3), and other pro-inflammatory mediators, induce BBB permeabilization and accelerate ischemic neuronal death (Kreutzberg, 1996; Yenari et al., 2010). In contrast, M2 microglia release anti-inflammatory and pro-angiogenic mediators such as interleukin 10 (IL-10), TGF-β, and VEGF, which exert neuroprotective effects (Ponomarev et al., 2013; Prinz et al., 2014). Once stroke occurs, M1 and M2 microglia are activated to release both pro-inflammatory and anti-inflammatory mediators, and the resistance of these two mediators determines the fate course of neuronal cells in the ischemic infarct zone (Hu et al., 2012; Zhao et al., 2017). Therefore, regulation of M1/M2 microglia polarization during different stages of stroke may be one of the mechanisms regulating the brain microenvironment and promoting neural repair.

TMS is currently used as a common intervention for stroke rehabilitation. Zhao et al. (2019) found that rTMS significantly reduced IL-1β and TNF-α serum levels in patients. In the MCAO model, the 10 Hz-rTMS experimental group activated more M2 microglia and reduced activation of M1 microglia than the no sham stimulation group (Hong et al., 2022). Immediately after, this study also showed that rTMS significantly increased microglia let-7b-5p levels and inhibited their downstream NF-kB signaling pathway, thereby reducing the size of cerebral infarcts in MCAO rats; in addition, in vitro experiments showed that administration of rTMS to microglia increased the concentration of interleukin 10 (IL-10) and decreased the concentration of TNF-α in the culture medium, while knockdown of let-7b -5p reversed these phenomena (Hong et al., 2022). This study repeatedly verified from in vivo and ex vivo experiments that rTMS ameliorates neurological dysfunction in MCAO model mice by promoting M2-type microglia polarization, regulating the let-7b-5p/NF-kB signaling pathway, and attenuating the inflammatory response. Similarly, it was shown (Luo et al., 2022) that iTBS significantly reduced IL-1β, interleukin 17A (IL-17A), TNF-α, and IFN-γ concentrations in MCAO mice by inhibiting M1 activation, promoting M2 polarization, and downregulating Toll-like receptor 4 (TLR4)/NF-κB/NLR family Pyrin domain-containing protein 3 (NLRP3) signaling pathway. Elevated IL-10 concentrations reduced neuromotor dysfunction in MCAO mice, whereas removal of microglia after using the inhibitor eliminated the efficacy of iTBS application, which inversely verified that iTBS ameliorated post-stroke neurological dysfunction by regulating the balance of M1/M2 phenotype of microglia.



Antioxidant properties of transcranial magnetic stimulation

Achieving blood flow recanalization as soon as possible after stroke is a top priority to salvage the ischemic semidark zone. However, cerebral ischemia–reperfusion is prone to cerebral ischemia–reperfusion injury (CIRI) because it has a strict time window (Zhao et al., 2022). Therefore, it is important to explore the underlying mechanisms of CIRI to explore potential targets for stroke therapy. It has been reported that CIRI injury is mainly caused by the reactivation of mitochondrial aerobic respiration after blood flow recanalization, which generates large amounts of reactive oxygen species (ROS) and induces oxidative stress in neuronal cells (Orellana-Urzúa et al., 2020; Yu S. et al., 2021). Therefore, reducing ROS release after stroke and enhancing the antioxidant capacity of the body are key steps to reduce CIRI injury. Studies have shown that TMS promotes functional repair in a variety of neurological diseases in association with its powerful antioxidant effects (Post et al., 1999; Medina-Fernandez et al., 2017). For example, Hui et al. found that rTMS attenuates CIRI injury by activating the nuclear factor E2-related factor 2 (Nrf2) signaling pathway, upregulating the expression of antioxidant proteins such as Nrf2, heme oxygenase 1 (HO-1), and superoxide dismutase 1 (SOD1), and reducing oxidative stress (Liang et al., 2021).



Anti-apoptotic properties of transcranial magnetic stimulation

The tissue blood supply around the ischemic infarct foci (penumbra zone) in the early post-stroke period is still maintained at 20–40% while retaining some oxygenated metabolic activity (Hou et al., 2019). Therefore, salvaging the penumbra for a certain period of time is essential to reduce the volume of post-stroke cerebral infarction. However, it has been found that within hours or days after cerebral ischemia, the ischemic penumbra in response to ischemic–hypoxic stress induces some neuronal cells toward apoptosis and releases toxic substances that further accelerate neuronal death (Vexler et al., 1997; Radak et al., 2017). Thus, apoptosis, which is activated in the acute phase of stroke, is a major obstacle to the remodeling of neuronal cell structure and function in the ischemic penumbra region after stroke.

A recent study showed that the potential mechanism by which rTMS promotes neurological recovery in MCAO rats is related to the inhibition of premature apoptosis of neuronal cells in the penumbra region (Gao et al., 2010; Yoon et al., 2011). Yamei et al. showed that rTMS upregulated B lymphocytoma-2 gene (Bcl-2) levels and decreased Bcl-2-related X protein (Bax) expression significantly inhibited apoptosis, thereby improving neurological recovery in MCAO rats (Guo et al., 2017). Similarly, a similar study also found that TMS combined with electroacupuncture treatment inhibited post-ischemic neuronal apoptosis by significantly reducing cystein-3 (Caspase-3) levels and increasing Bcl-2 mRNA expression levels (Li et al., 2012). In addition, rTMS can reduce mitochondrial damage, maintain mitochondrial membrane integrity, inhibit the activation of the mitochondria-dependent apoptotic cystatase-9 (Caspase-9)/Caspase-3 signaling pathway, and reduce neuronal death (Sasso et al., 2016; Zong et al., 2020b).




Clinical application of transcranial magnetic stimulation in stroke diseases

Stroke is one of the leading causes of neurological disability in the world (Saini et al., 2021). Once stroke occurs, a variety of neurological complications follow, leading to severe limitations in patients’ activities of daily living (Chohan et al., 2019). Therefore, exploring the application of new technologies in stroke rehabilitation is pivotal to provide more clinical experience in the future treatment of stroke patients; in addition, it will provide a better understanding of the advantages and disadvantages, indications, contraindications, and precautions of this technology and promote better service of this technology to society. In recent years, more and more studies have reported that TMS plays an irreplaceable role in the neurological rehabilitation process of stroke, involving upper and lower limb motor function, speech, swallowing, cognitive function, post-stroke depression, spasticity, and central post-stroke pain (see Table 1 for details). However, the potential mechanisms by which TMS improves the above neurological dysfunctions? and whether the stimulation frequency, intensity, duration and site are consistent are unclear? Therefore, the clinical application of TMS in stroke rehabilitation is briefly described below, and each of these queries will be explored.



TABLE 1 Clinical application of transcranial magnetic stimulation in post-stroke sequelae.
[image: Table1]



Motor dysfunction


Upper extremity

Motor dysfunction of the upper extremity after stroke is mainly characterized by reduced movement, limb coordination and dexterity and accounts for 55–75% of all stroke patients (Wolf et al., 2006). Compared with the lower extremity, the recovery of motor function in the upper extremity after stroke progresses relatively slowly and is mainly concentrated in the first 6 months. Due to the weak awareness of rehabilitation in most patients, by the time they start to intervene in rehabilitation, they have already missed the golden time of upper limb function recovery. Therefore, it is crucial to raise the patients’ awareness of rehabilitation and to find an effective complementary therapy.

Recently, several randomized controlled trials have shown that rTMS modulates cortical excitability and restores interhemispheric inhibitory balance to improve motor dysfunction after stroke (Kim et al., 2006; Long et al., 2018). A study by Avenanti et al. showed that HF-rTMS significantly increased cortical excitability in the lesioned hemisphere, thus promoting improved distal upper limb movements, finger dexterity and coordination in stroke patients (Kim et al., 2006). However, during stimulation of upper limb motor function, one study found that bilateral TMS (high frequency on the lesioned side and low frequency on the unlesioned side) was more beneficial than unilateral TMS in improving upper limb motor function (Long et al., 2018). However, another meta-analysis found that this view was only supported in the acute phase of stroke, whereas in the subacute and chronic phases, TMS on the lesioned and unlesioned side alone achieved better outcomes (Chen et al., 2022). This suggests that promoting cortical excitability in the lesioned hemisphere during the acute and subacute phases of stroke is the main strategy to improve neurological function in the upper limbs of patients, whereas inhibiting cortical excitability in the unlesioned hemisphere and reducing its inhibition of the lesioned hemisphere during the chronic phase is the main mechanism to improve neurological function. In conclusion, the different periods of the disease are also important factors in determining the TMS treatment plan.

In addition, a similar picture exists for different stimulation modalities, e.g., TBS is more beneficial for the recovery of upper limb motor function in the acute phase of stroke, whereas rTMS is more effective in the subacute and chronic phases (Chen et al., 2022). In addition, it is worth noting that rTMS promotes the recovery of fine motor function of the upper limbs in stroke patients by indirectly modulating the excitability of the corticospinal tract in addition to directly modulating the excitability of the cerebral cortex, however, this process is heavily dependent on the integrity of the corticospinal tract (Wu et al., 2023). Therefore, when applying rTMS to improve upper limb motor function after stroke, the integrity of the corticospinal tract can be tested before developing an appropriate rTMS protocol. This process can be referred to the results of the study by Birute et al. For example, low-frequency rTMS is more adapted for stroke patients with high corticospinal tract (CST) integrity; in contrast, high-frequency rTMS showed more significant clinical effects in patients with low CST integrity (Wang et al., 2022).



Lower extremity

It is well known that both lower extremities play an important role in human motor function, as demonstrated by walking and balance coordination (Paul et al., 2007). After stroke, patients often suffer from lower extremity motor dysfunction, gait abnormalities, and other sequelae that severely reduce patients’ family and social participation. TMS is an emerging therapy for stroke treatment that can increase walking speed (Li et al., 2018; Vaz et al., 2019), correct gait symmetry (Wang et al., 2019), reduce lower extremity muscle spasticity (Naghdi et al., 2015; Rastgoo et al., 2016), and increase balance and motor control (Wang et al., 2012; Kang et al., 2020) to improve lower limb function in stroke patients.

A randomized controlled trial showed that rTMS significantly improved walking, motor control, and motor function in stroke patients, a finding further emphasized by late follow-up data (Veldema and Gharabaghi, 2022). This study followed the theory of interhemispheric inhibition, using HF-rTMS to promote reactivation of cortical excitability in the diseased hemisphere and LF-rTMS to reduce cortical excitability in the unlesioned hemisphere and alleviate its overinhibition of the diseased hemisphere, thereby readjusting the bilateral interhemispheric inhibitory balance. In this study, the bilateral rTMS regimen was superior to the unilateral rTMS regimen, i.e., bilateral rTMS > HF-rTMS on the lesioned side > LF-rTMS on the unlesioned side (Veldema and Gharabaghi, 2022). In fact, in most studies, it has been demonstrated that bilateral rTMS regimens are superior to unilateral regimens, which is similar to the fact that in some diseases combined treatment is superior to monotherapy, which is uncontroversial. Then, leaving aside the bilateral rTMS regimen, why HF-rTMS on the lesioned side > LF-rTMS on the unlesioned side? We believe that after brain injury, reduced excitability in the lesioned hemisphere is the main cause of interhemispheric inhibition imbalance, and therefore, reactivation of cortical excitability in the lesioned hemisphere may be the main strategy to restore interhemispheric inhibition balance compared to reducing excitability in the unlesioned hemisphere. However, this dominance is not invariable, and depending on the etiology, location of the lesion, the urgency of the disease, and individual patient differences, some patients show that reducing excitability in the unlesioned hemisphere is more likely to promote interhemispheric inhibitory homeostasis. As found in a meta-analysis, LF-rTMS in the unlesioned hemisphere produced more clinically significant effects than HF-rTMS in the lesioned hemisphere during the chronic phase of stroke (Chen et al., 2022).

In addition, there is some controversy about TMS improving lower limb function in stroke, for example, a meta-analysis showed that both high and low frequency rTMS had a positive effect on the gait speed of stroke patients (Vaz et al., 2019). However, this was not supported by a study by Raffaella et al. who found that 20 Hz HF-rTMS, while significantly improving lower limb motor function in chronic stroke patients, did not increase the patients’ walking speed (Chieffo et al., 2014). In addition, Ying et al. found that LF- rTMS (1 Hz) administered in the unlesioned hemisphere did not significantly improve motor and walking function in stroke patients (Huang et al., 2018). However, in another study the opposite result was obtained, that LF-rTMS in the unlesioned hemisphere improved muscle spasticity in patients’ lower extremities, thus promoting improved motor function in the lower extremities (Rastgoo et al., 2016), this idea was also supported by the studies of Soofia et al. and Liu et al.(Naghdi et al., 2015; Liu et al., 2021). And this research variability may arise from the fact that walking is a complex process consisting of several parameters such as walking speed and angle, step width, stride width, and step length. And the regulation of these parameters is modulated by multiple neural systems such as cortical, subcortical and spinal integrated networks. As when walking, multiple sites such as primary sensorimotor areas, primary motor areas, supplementary motor areas, basal ganglia and cerebellar earthworms were detected to be activated with increased cerebral blood flow (Veldema and Gharabaghi, 2022). This suggests that TMS improves lower extremity motor function in patients not only by the TMS protocol, but also by the different stimulation sites and the interactions between brain regions. Therefore, future studies are needed to create more and more beneficial evidence for the various differences arising from TMS application and further advance TMS.




Cognitive impairment

One study reported that one third of stroke patients have varying degrees of cognitive impairment, referred to as post-stroke cognitive impairment (PSCI), and PSCI can rapidly develop into dementia in a short period of time, which will seriously reduce the quality of life of patients (Li Y. et al., 2020). Therefore, active rehabilitation measures to prevent PSCI from developing into dementia are extremely important to improve the quality of life and social participation of stroke patients.

Studies have shown, TMS may improve cognitive function in patients with PSCI through anti-inflammation and increased cerebral blood flow (Cha et al., 2022). For example, Takatoshi et al. showed that 10 Hz-rTMS promotes improved memory, attention and executive function in PSCI patients by increasing blood perfusion in ischemic brain regions (Hara et al., 2017). The dorsolateral prefrontal cortex (DLPFC) is often used as a stimulation site for TMS to improve PSCI and plays an important role in modulating higher cognitive functions such as memory, attention, and executive functions (Bressler and Menon, 2010). Yin et al. (2020) showed that left DLPFC HF-rTMS significantly improved executive function in PSCI patients. Similarly, according to the theory of interhemispheric inhibitory balance, right-sided DLPFC LF-rTMS also promotes improved cognitive and memory functions in patients with PSCI (Lu et al., 2015; Yingli et al., 2022). Furthermore, a meta-analysis showed that rTMS improved PSCI better when stimulated for longer than 4 weeks and at a stimulation intensity in the range of 80–110% MT (Yin et al., 2020; Wang et al., 2022). However, in addition to rTMS, iTBS is one of the commonly used stimulation modalities to improve PSCI, and left-sided DLPFC iTBS significantly promotes improvements in cognitive functions such as executive function and semantic comprehension in patients with PSCI compared to sham stimulation (Chu et al., 2022; Li et al., 2022).



Swallowing disorders

More than 65% of new stroke patients each year have dysphagia (Martino et al., 2005). Although dysphagia is a self-resolving complication in most cases, 11–50% of patients will have permanent dysphagia without intervention (Kumar et al., 2010). Therefore, it is necessary to prevent dysphagia from becoming a permanent sequel with external means.

Studies have shown that TMS treatment applied in the M1 brain region can promote the improvement of swallowing function after stroke (Du et al., 2016). However, M1 area covers multiple neurological functions, and how to precisely locate the functional area of M1 swallowing becomes a major obstacle. Until Li S. et al. (2020) used functional MRI (fMRI)-guided TMS in the motor cortex of the brain to excite surface electromyography of the labial orbicularis muscle and detected motor evoked potentials (MEPs) in the submandibular complex (SMC) muscle as a way to locate MSC targets in the M1 swallowing functional area. This study provides a more precise target stimulation site for TMS to improve post-stroke swallowing dysfunction. However, as the process is an individualized one, it may target different individuals with slightly different MSC target locations. Therefore, repositioning of SMC targets for different individuals is necessary for effective improvement of post-stroke swallowing function.

Guided by fMRI, TMS can more accurately and effectively promote improvement in swallowing function, especially HF-TMS (Du et al., 2016; Liao et al., 2017). Xiang et al. showed that HF-rTMS improved dysphagia in stroke for a longer duration and with more significant effects than LF-rTMS (Liao et al., 2017). It is also noteworthy that LF-rTMS (1 Hz) only improved appetite in stroke patients compared to conventional swallowing function treatment, while it did not seem to have a significant effect on the recovery of swallowing function (Ünlüer et al., 2019). Furthermore, Cheng et al. (2015) showed that swallowing function was significantly improved in chronic stroke patients after 3,000 magnetic pulses of 5 Hz-rTMS applied to the tongue motor area of the diseased hemisphere for 2 weeks of continuous treatment. However, in another study, similar results were not obtained with the same stimulation parameters, and no improvement in swallowing function was observed in stroke patients at 2, 6, or even 12 months follow-up after the end of treatment (Cheng et al., 2017). This is in contrast to the findings of Cheng et al. (2015). These two refuting studies suggest that the clinical efficacy of TMS may vary even within the same disease depending on the severity of the disease, individual differences between patients, or other external factors, and therefore, exploring the optimal clinical efficacy of TMS still requires a long time to figure out.

Similarly, a randomized controlled trial observed that the recovery of swallowing function was significantly better in the bilateral stimulation group (simultaneous application of rTMS treatment to the lesioned and unlesioned side of the hyoid muscle) compared to the unilateral stimulation group (500 10 Hz-rTMS pulses applied to the lesioned side of the hyoid muscle for 2 weeks; Park et al., 2017). This finding was supported by a study by Momosaki et al. (2014). However, in another meta-analysis, no significant difference in swallowing function was found between subgroups with different stimulation sites (lesioned hemisphere, unlesioned hemisphere, or bilateral hemisphere) (p = 0. 53; Wen et al., 2022). We believe that this phenomenon may be due to partial case error and that perhaps the meta-analysis is more convincing compared to the control trial and could continue to be illustrated by continuing to increase the sample size.



Aphasia

Post-stroke aphasia (PSA) is a common acquired language disorder in patients with acute or subacute stroke, which can lead to varying degrees of impairment in four areas of listening, reading, and writing (Hara and Abo, 2021). In the long term, this will lead to loss of self-confidence in life and may induce post-stroke depression in severe cases (Hilari et al., 2010). Therefore, early treatment of patients with PSA is a key step in preventing post-stroke depression.

TMS has been used since 2005 for the treatment of aphasia in patients with chronic stroke (Gholami et al., 2022). Compared with conventional speech therapy, TMS significantly promotes improvements in naming, comprehension, repetition, and writing in PSA patients (Yao et al., 2020). In general, TMS treatment protocols vary among PSA patients with different language dysfunctions. For example, LF-rTMS is more beneficial for the improvement of function in spontaneous speech and auditory comprehension in PSA patients (Hu et al., 2018). In addition, the site of stimulation is a major factor in TMS parameters that affects clinical efficacy. The superior temporal gyrus is the main lesioned brain region in sensory aphasia (also known as Wernicke’s aphasia), where severe impairment in spoken language comprehension is the main clinical manifestation; therefore, the superior temporal gyrus is preferentially chosen as the stimulation site when the patient is Wernicke’s aphasic (Ren et al., 2019). Similarly, another typical aphasia, motor aphasia (also known as Broca’s aphasia), has a lesion in the inferior frontal gyrus, and when this area is stimulated, the patient’s spontaneous speech and repetition components are significantly improved (Ren et al., 2019). This shows that it is perfectly feasible to select the site of TMS stimulation according to the lesioned brain areas of different aphasia types. However, although the lesioned brain area can be used as a stimulation site for PSA patients, it is not clear whether this site is the best stimulation site for TMS, and there are no relevant studies to prove this idea. Therefore, future studies can try to compare different stimulation sites for the same aphasia type to observe the treatment effect of both groups and verify whether the lesioned brain area is the best stimulation site for PSA patients.



Post-stroke depression

Post-stroke depression (PSD) is the most common neuropsychiatric sequelae in stroke patients, with approximately one-third of new patients experiencing PSD each year (Shen et al., 2017). Currently, antidepressants are the most common treatment for PSD, but the clinical time to effect of pharmacological treatment is long and only some patients improve significantly after pharmacological treatment. Therefore, the search for a treatment other than medication is promising for promoting improvement in PSD. And as early as 2008, it was demonstrated that rTMS treatment in the dorsolateral prefrontal cortex to promote improvement in PSD is safe and effective with few side effects (Duan et al., 2023). Therefore, rTMS is undoubtedly a safe and reliable alternative for those patients with PSD for whom psychotherapy is ineffective or for whom pharmacological treatment has serious side effects.

The traditional rTMS regimen of 5 days of treatment per week for 4–6 weeks has been reported to have significant positive effects in patients with chronic major depression (Duan et al., 2023). However, the duration of this rTMS regimen is relatively long, and is it possible to achieve the same effect while reducing the duration of treatment in a clinical setting for certain patients with poor compliance or who cannot adhere to daily rTMS sessions? Jessica et al. found that accelerated rTMS (20 Hz, 110% RMT, 5 sessions per day for 4 days) significantly reduced PSD and sustained a positive effect at 3-month follow-up (Frey et al., 2020). In addition, this study showed that accelerated rTMS is also safe and feasible in patients with subacute PSD, with no risk of inducing epilepsy yet (Frey et al., 2020). However, because the study had only six cases, the number was small and a larger sample size is needed for validation. Based on this study, we can tentatively conclude that accelerated rTMS is indeed more effective than conventional rTMS in the acute subacute phase of PSD; this may be because in the early phase of stroke recovery, the body recovers neurologically faster, and therefore, seizing the opportunity for high-intensity intervention during that time is also a safe and feasible treatment option. This is similar to the fact that the first 6 months after stroke is a critical period for patients to recover upper limb function, and if that time window is not seized, the possibility of upper limb function recovery may be missed; because for most stroke patients, upper limb function is slow to recover, and if rehabilitation is not done well in the first 6 months, it is possible that later rehabilitation will have minimal effect on their neurological function improvement. However, is there a critical period for recovery of different neurological functions or are they all consistent? This is a key point that should be addressed. If we are clear about the critical period for each type of neurological recovery, we may be able to promote the recovery of neurological functions more effectively, even without unnecessary sequelae due to time problems.



Spasticity

The early intervention of rehabilitative exercise training is the cornerstone of the future social reintegration of stroke patients. However, post-stroke spasticity (PSS), a complication that can seriously affect the recovery process, is a major disorder that severely affects motor training and is characterized by a speed-dependent increase in reflex tone. In general, not all stroke patients experience hypertonia as a clinical manifestation. About 30–80% of stroke patients are experiencing or are about to suffer from spasticity, which can cause pain, contracture, deformity, or even stiffness and immobility in the joints if not taken promptly (Wei et al., 2022).

Although numerous clinical studies have demonstrated that TMS significantly reduces post-stroke limb spasticity, a small number of studies have not yielded similar results, and they suggest that the reasons for this heterogeneity may be multifaceted, such as stimulation parameters, stimulation site, type of coil, and the severity and acute and chronic phase of stroke patients can affect the effect of TMS in reducing muscle spasticity in patients (Xia et al., 2022). Different types of coils have different degrees of influence in improving the spasticity state, with the figure-of-eight coil featuring higher focal stimulation having a significant effect in reducing spasticity symptoms compared to the H-type coil (Li et al., 2021). Second, the therapeutic effect of spasticity also varies depending on the different stimulation sites of TMS. In addition to the cerebral motor cortex, the cerebellum plays an important role in motor control and regulation of muscle tone stabilization. It was found that cerebellar cTBS can reduce muscle spasticity in stroke patients by regulating corticospinal excitability through the cerebellar-dentate thalamus-cortex pathway (Li et al., 2021). Therefore, cerebellar cTBS may be one of the more promising stimulation modalities among the methods to reduce muscle spasticity in the future development of TMS to reduce spasticity. However, it has been found that lesions in a common functional region connected to the bilateral nucleus accumbens and pallidum on the side of the lesion may be a potentially critical region contributing to PSS (Qin et al., 2022), so could this region be used as a TMS target to directly improve PSS? As we know, this region is located in the striatal area under the cortical overlay, which is a higher subcortical center that regulates a variety of complex neural functions such as motor, sensory and memory. As TMS is a non-invasive neurostimulation technique, if we want TMS to target the common area of bilateral nucleus accumbens and pallidum, we can only indirectly stimulate to this area through the cerebral cortex, so how can we exclude the influence of the cerebral cortex and the interaction between these two areas? It is also possible that this is one of the reasons why this region has not been used as a TMS target.



Central post-stroke pain

Central post-stroke pain (CPSP) is one of the common neuropathic pain sequelae after cerebral ischemic injury, often manifesting as sensory hypersensitivity or sensory abnormalities at the site corresponding to the vascular lesion, which is easily confused with stroke-induced shoulder subluxation pain and muscle spasticity pain, resulting in patients who may miss the best early symptomatic treatment period and seriously reduce their quality of life. Currently, CPSP is mainly treated with pharmacological agents, such as anticonvulsants, which have good effects on improving the symptoms of CPSP (Bo et al., 2022), but when it comes to intractable CPSP, the drugs may only play the role of placebo and do not provide a good solution to the patient’s CPSP troubles. A recent study found that rTMS in the cerebral motor cortex had a significant effect on relieving recalcitrant CPSP (Malfitano et al., 2021), but the duration varied, which may be related to the site of ischemia, the period of disease progression, the site of stimulation, and individual patient differences. Therefore, there is a need to explore the therapeutic parameters related to the improvement of CPSP by TMS.

In addition, most studies suggest that the possible cause of CPSP is central de-inhibition or central imbalance due to ischemia (Ri, 2022), then restoration of abnormal cortical excitability by TMS may be one of the potential mechanisms for the relief of recalcitrant CPSP. As found in the study, 10 Hz HF-rTMS had significant analgesic effects in CPSP patients in all periods, and M1 HF-rTMS had better analgesic effects than M1 LF-rTMS (Leung et al., 2020; Malfitano et al., 2021). This suggests that in patients with CPSP, increasing cortical excitability in the lesioned hemisphere is far more effective than inhibiting cortical excitability in the unlesioned hemisphere, after all, the imbalance in the regulation of downstream somatosensory pathways due to reduced cortical excitability in the lesioned hemisphere is the most direct cause of CPSP. Therefore, restoration of cortical excitability in the lesioned hemisphere of CPSP patients is one of the potential mechanisms for the analgesic effect of rTMS. In addition, one study found that rTMS significantly relieved CPSP was associated with changes in serum BDNF levels, and an increase in BDNF levels reduced pain in CPSP patients (Zhao et al., 2021). In addition, rTMS increases the functional link between somatosensory pathways, which in turn has an analgesic effect (Kadono et al., 2021). The above studies suggest that the analgesic effect of rTMS in CPSP patients may be related to the modulation of neuroplasticity in the lesioned hemisphere and cortical excitability during the recovery period.



Challenges and prospects

Although TMS is a commonly used stroke treatment today, there are some safety risks associated with the action of TMS in humans. For example, in a meta-analysis trial, 13 patients out of 273 subjects experienced adverse events such as headache, dizziness, rhinorrhea, syncope, and seizures (Qiao et al., 2022). Among them, epilepsy is the most serious sequelae of TMS and is currently the most controversial point for scientists to question TMS.

The TMS safety guidelines suggest that the occurrence of epilepsy is influenced by a variety of external and internal factors (Walton et al., 2021). External factors generally include errors present in TMS equipment, errors in the operation of medical personnel, and the adjustment of TMS-related parameters. In general, TMS devices need to be checked for their hardware devices when they are first used to prevent the occurrence of adverse reactions such as epilepsy due to inaccuracies in the devices (Bae et al., 2007). Secondly, the occurrence of adverse reactions is also related to TMS type, frequency, intensity, time, and coil shape. TMS protocols with high frequencies, intensities >120% MT, and short pulse intervals are more likely to induce epilepsy (Tendler et al., 2018; Rossi et al., 2021). However, what is the range of high frequencies? A study showed that TMS at 15 Hz, 120% MT, and 0.75 s pulse interval induced epilepsy (Tendler et al., 2018). Does that suggest that HF-TMS at 15 Hz or greater than 15 Hz necessarily leads to epileptogenesis? The answer does not seem to be the case, as a subset of clinical studies with TMS frequencies above 15 Hz or even up to 20 Hz did not induce epilepsy or other adverse effects (Chieffo et al., 2014). This suggests that TMS is not always accompanied by the occurrence of adverse reactions and that inter-individual differences between patients are a factor in its incidence. Second, coil type also affects the incidence of epilepsy, with the incidence of digital-8 coils inducing epilepsy at 3/1000 or less than 1%(Oberman et al., 2011). The incidence of digital-8 coils inducing epilepsy has also been reported to be in the range of 0.08/1000, while H-type coils affect epilepsy in the range of 0.12–0.43/1000 (Stultz et al., 2020). In this comparison, it seems that the figure-of-8 coil is a little safer, but TMS adverse effects are influenced by more factors, and we are not sure whether the interference of other factors has been discharged when the figure-of-8 and H coils were compared. Therefore, the conclusion still lacks some credibility. In addition, internal factors mainly refer to the variability of TMS for different individuals, including aspects such as history of disease and history of taking medications. Patients with a history of brain injury, epilepsy, and those who have taken antidepressants (Kreuzer et al., 2013) or antiepileptic drugs (Dobek et al., 2015) have been reported to be prone to epilepsy.

TMS-induced epilepsy is influenced by numerous factors; therefore, when a patient is first treated with TMS, the patient should be pre-evaluated for acceptability of TMS treatment and potential triggers for adverse reactions before developing a safe and reliable individualized TMS protocol for the patient. This includes the optimal parameters for TMS, the most suitable stimulation site, and precautions to be taken during the treatment. However, it is worth noting that the optimal parameters are not necessarily within the safe range, and in some patients the optimal parameters exceed the safe range of TMS without inducing an adverse event. Therefore, is it necessary to choose the optimal TMS parameters in such cases in a big but, or to choose the safe parameters of TMS for insurance purposes remains a clinical problem? In addition, some patients experience adverse reactions within the safe range. In summary, the triggering factors of TMS adverse reactions may also be influenced by other factors that have not yet been identified; therefore, further exploration of the triggering factors of TMS adverse reactions and prevention of side effects such as seizures in patients is still a direction of urgent research. In addition, although there are many animal experiments on TMS, few trials have been conducted to validate it in humans, which is undoubtedly a major obstacle to the development process of TMS.




Conclusion

To date, there is a large body of clinical evidence supporting the value of TMS in improving post-stroke neurological deficits (upper and lower extremity motor, cognition, swallowing, speech, mood, spasticity, post-stroke neuropathic pain). Although the exact mechanism by which TMS improves post-stroke neurological deficits is inconclusive, the current status of TMS is at a critical period of translation of its value for clinical application. At this stage, it is necessary to document in detail the clinical efficacy, precautions, and adverse events of TMS for stroke, and to optimize and adjust the optimal stimulation parameters for TMS. However, TMS uses different stimulation parameters depending on the type of stroke, disease urgency, duration of disease, and post-stroke neurological sequelae, and perhaps even the timing of TMS intervention, which makes the optimal treatment protocol for various post-stroke sequelae difficult to find. Therefore, the optimal treatment protocol for TMS needs to be further explored with a large number and variety of stroke cases, a difficult process that requires small adjustments to various stimulation parameters and observation of efficacy. This process may be interrupted at any time due to patient non-cooperation, poor tolerance, financial constraints, and difficulties in follow-up, making it difficult to explore the optimal treatment protocol for stroke neurological deficits. Secondly, although there is a lot of basic research on TMS, the brains of experimental animals are relatively small compared to the human brain, and the TMS probe is about the same size as the probe used in the human brain in clinical practice, so can the TMS probe in animal studies be positioned as accurately as in the human brain? There is no evidence to support this yet. It is also one of the reasons why some researchers question the results of basic TMS studies. Therefore, the development of TMS probes that are more suitable for the head size of experimental animals is important to explore the potential molecular mechanisms of TMS treatment more precisely in the future.
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Background: Motor disorders are one of the world’s major scourges, and neuromotor rehabilitation is paramount for prevention and monitoring plans. In this scenario, exercises and motor tasks to be performed by patients are crucial to follow and assess treatments’ progression and efficacy. Nowadays, in clinical environments, quantitative assessment of motor cortex activities during task execution is rare, due to the bulkiness of instrumentation and the need for immobility during measurements [e.g., functional magnetic resonance imaging (MRI)]. Functional near-infrared spectroscopy (fNIRS) can contribute to a better understanding of how neuromotor processes work by measuring motor cortex activity non-invasively in freely moving subjects.

Aim: Exploit fNIRS to measure functional activation of the motor cortex area during arm-raising actions.

Design: All subjects performed three different upper limbs motor tasks: arm raising (non-goal-oriented), arm raising and grasping (goal oriented), and assisted arm raising (passive task). Each task was repeated ten times. The block design for each task was divided into 5 seconds of baseline, 5 seconds of activity, and 15 seconds of recovery.

Population: Sixteen healthy subjects (11 males and 5 females) with an average (+/− standard deviation) of 37.9 (+/− 13.0) years old.

Methods: Cerebral hemodynamic responses have been recorded in two locations, motor cortex (activation area) and prefrontal cortex (control location) exploiting commercial time-domain fNIRS devices. Haemodynamic signals were analyzed, separating the brain cortex hemodynamic response from extracerebral hemodynamic variations.

Results: The hemodynamic response was recorded in the cortical motor area for goal-oriented and not-goaloriented tasks, while no response was noticed in the control location (prefrontal cortex position).

Conclusions: This study provides a basis for canonical upper limb motor cortex activations that can be potentially compared to pathological cerebral responses in patients. It also highlights the potential use of TD-fNIRS to study goal-oriented versus non-goaloriented motor tasks. Impact: the findings of this study may have implications for clinical rehabilitation by providing a better understanding of the neural mechanisms underlying goal-oriented versus non-goal-oriented motor tasks. This may lead to more effective rehabilitation strategies for individuals with motor disorders and a more effective diagnosis of motor dysfunction supported by objective and quantitative neurophysiological readings.

KEYWORDS
 motor disorders, functional near infrared spectroscopy, supplementary motor area, neuromotor rehabilitation, cerebral hemodynamic response function, non-goal-directed movements, goal-directed movement, motor cortex


Introduction

Motor neuron diseases are a group of neurodegenerative disorders related to upper and lower motor neuron degradation that strongly affect the global population. The study by Logroscino et al. (2018) shows a high incidence of neuromotor diseases reaching around 5% prevalence in the 50 years old world population and overtaking 20% incidence for individuals older than 70. This study also shows a higher incidence in the male population compared to the female one.

It is of primary importance to tackle an early diagnosis and implement prevention and monitoring plans, considering such prevalence of functional neurological disorder, its disabling consequences, and its costly handling. After being marginalized in the late 20th century, there has been renewed interest in this field in the last decade (Perez et al., 2021) for both diagnosis and treatments in patients with motor functional disorders, including also functional limb weakness. The resurgence of interest in this field encouraged us to enter this sector to help catalyze diagnostic and therapeutic improvements.

In the neuro-motor rehabilitation field, the selection of exercises and motor tasks to be performed by the patients is of paramount importance. It has been studied in previous literature the effect of goal-oriented (or goal-directed) exercises in motor learning mechanisms. Goal-oriented tasks require the subject to perform a specific movement with the intention of achieving a certain result, while non-goal-oriented tasks require the subject to simply perform a movement without any specific outcome in mind. In contrast with interventions that focus on changing body functions with simple motion tasks, goal-oriented training with activity-based approach to therapy proved to give meaningful advantages (Mastos et al., 2007; Wevers et al., 2009).

During goal-oriented tasks, the pre-motor cortex and the parietal cortex, which are associated with attention, planning, and execution of the movement, tend to be more active (Rizzolatti et al., 1987, 2014). Additionally, brain regions associated with feedback, such as the anterior cingulate cortex and the supplementary motor area (SMA) (Diedrichsen et al., 2006; Yamagata et al., 2012) tend to be highly involved during goal-oriented tasks, allowing for adjustments to be made based on the outcome of the movement.

Non-goal-oriented tasks instead, tend to activate brain regions associated with movement execution and sensory processing, such as the primary motor cortex and the supplementary motor area. These regions are responsible for the planning and execution of the movement itself, rather than the goal that the movement is trying to achieve. Brain regions associated with attention and feedback are typically less active during non-goal-oriented tasks, as the focus is on the movement itself rather than on its outcome.

Goal-oriented therapy has emerged as a promising approach to neurorehabilitation that emphasizes the setting of specific, achievable goals in order to guide and tailor rehabilitation interventions. Goal-oriented movements appear to produce a better reaching performance than the same movements performed without a specific goal (Wu et al., 2000) and can improve patient motivation and engagement in rehabilitation, which can further improve outcomes. In the study of Nathan et al. (2012), to understand neural correlates of upper extremity task executions (functional vs. non-functional) and their influence on neuromotor control strategies, it is found that neuromotor strategy for functional goal-oriented movements is different from rhythmic movements such as finger tapping or non-functional movements, and this difference can be quantified and mapped using functional magnetic resonance imaging (fMRI). These results support the concept of using goal-oriented tasks in rehabilitation and therapy for restoration of a function, that is task and context specific. Importantly, by tailoring rehabilitation interventions to specific goals and capacities of the patient, goal-oriented therapy can lead to more efficient and effective neurorehabilitation.

Despite these interesting and meaningful results, most of the motor learning studies performed in humans presented in literature, lack of a quantitative assessment of the actual involvement of the motor cortex real-time during the task execution. This is mainly due to the techniques used to assess brain activations, often based on fMRI, electroencephalography (EEG) and positron emission tomography (PET), which are highly limited by their bulkiness, cost and sensitivity to motion artifacts. Being able to quantify the motor cortex involvement in motor exercises in goal-oriented tasks compared to non-goal-oriented tasks would strengthen the hypothesis of higher effectiveness of goal-oriented ones in motor rehabilitation, confirming the results of previous studies based on less objective evaluations such as goal attainment scaling.

The scientific community envisages functional near-infrared spectroscopy (fNIRS) technology as a promising tool for providing easy and non-invasive access to cerebral hemodynamics, which can be paramount in the process of diagnosing and monitoring motor dysfunctions strongly related to neuro-functional processes (Leff et al., 2011). fNIRS is a non-invasive neuroimaging technique that measures changes in the concentration of oxygenated (O2Hb) and deoxygenated (HHb) hemoglobin in the brain by means of infrared light which penetrate the skull reaching the brain cortex. It is used to study brain functions in both research and clinical settings.

Time-domain (TD)-fNIRS (Lange and Tachtsidis, 2019), which exploits laser pulses instead of continuous wave light, outperforms standard fNIRS approach (Ortega-Martinez et al., 2023) and can unlock the possibility of quantitatively measuring the hemodynamic response, thanks to the discrimination between cerebral and extra-cerebral signals, potentially offering the ability to assess progress of patient conditions with physiological indexes (i.e., features of the hemodynamic response function, HRF) when treated with specific therapies or rehabilitation programs.

TD-fNIRS has been already used to measure functional motor cortex activation in various motor task exercises (Re et al., 2013; Muthalib et al., 2015; Lacerenza et al., 2021), also comparing results with other techniques such as EEG and fMRI (Visani et al., 2015). As examples, the study conducted by Muthalib et al. (2015) explores the potential of TD-NIRS as a neuroimaging tool to observe distinctive patterns of neural activity associated with external stimuli, such as sensory inputs, compared to voluntary actions; research conducted by Lacerenza et al. (2021) investigates how hemodynamic activation linked to similar motor actions can be differentiated based on hemodynamic activity patterns. No previous TD-NIRS studies have been found investigating differences in motor cortex activation related to goal-oriented and non goal oriented tasks. Compared to previous works performed with fMRI in humans on this topic (Nathan et al., 2012), in which the hemodynamic response was reported as the average activation intensity resulting form multiple task executions in a defined period (e.g., 30 s), this study aims to recover the actual temporal hemodynamic response due to the functional activation, including both oxygenated and deoxygenated hemoglobin concentrations during tasks execution (<10 s time period).

In this work, the investigation has been focused on studying differences in brain activations during goal-oriented motor tasks versus non-goal-oriented motor tasks via TD-fNIRS on healthy subjects. Volunteers’ brain hemodynamics was recorded in real-time from two locations: prefrontal cortex and motor cortex, with two synchronized TD-fNIRS devices (NIRSBOX, PIONIRS s.r.l., Milano, Italy) and different upper limbs motor tasks have been studied. The protocol was divided into three tasks: arm raising (active movement not goal-oriented), arm raising combined with grasping of a small object (active, goal-oriented movement), and helped arm raising (passive movement).

The possibility of having quantitative information on the brain activation (not affected by extra cerebral hemodynamic variations) will enable to retrieve reliable brain hemodynamic responses from these three motor tasks in healthy subjects. This will help in setting the basis of canonical upper limb motor cortex activations that will be potentially compared to pathological cerebral responses in future patients.



Methods


Subjects

In this study, 16 healthy volunteers, have been enrolled (11 males and 5 females) with an average (±standard deviation) of 37.9 (±13.0) years old. All subjects included in these measurements cooperated voluntarily and previously provided written informed consent to the procedures of the study, which was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of Politecnico di Milano.



Protocol

Protocol design and probe positioning were selected based on previous literature. To be able to record data from the motor cortex and the prefrontal cortex (as control location, where no significant brain activation is expected) two NIRSBOX devices (Lacerenza et al., 2022) (PIONIRS s.r.l., Milano, Italy) have been used. These instruments exploit two low-power (<5 mW) laser sources with wavelengths 685 nm and 830 nm; they acquire data at 1 Hz sampling frequency, transmitting to a laptop PC through USB connection and are synchronized together using hardware logic signals, to ensure true real-time acquisitions. The first unit was used to measure the region related to motor activation (C3 position following EEG10/20 system mapping, covering primary motor cortex and supplementary motor areas), while the second one was placed on the prefrontal region, Fp2 location (control channel). A schematic of the probe locations is reported in Figure 1A. Measurements have been performed in typical laboratory settings at Politecnico di Milano, a free area of at least six meters squared was left around the subjects to allow for unrestricted movement in space. Three left-handed subjects were present in the population under study and have been included in the analysis: in this case probe positions were C4 and Fp1, being motor task performed with the dominant arm. Unlike previous measurements and common fNIRS publications (in which subjects with dense or dark head hair are often excluded) in this work, we employed a dedicated optical probe design (PIONIRS s.r.l., Milano, Italy) which has allowed to recruit volunteers regardless of their scalp and hair characteristics. Source detector distance in this probe was 3 cm, with one injection and one detection channel. Retractable, spring-loaded optical fiber terminations were employed, impinging vertically on the head surface and facilitating direct contact with the skin without applying excessive pressure thus avoiding uncomfortable wearing by the subject. A picture of this probe is reported in Figure 1B. Probes have been secured with black elastic bandages around the head of the volunteers, without covering eyes and ears. For the simultaneous acquisition on the prefrontal cortex, a standard flat probe with horizontal-placed fiber cables has been used (B5 probe, PIONIRS S.r.l.) (PIONIRS S.r.l, 2023). Source/detection separation distance was 3 cm also for Fp2 acquisitions.
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FIGURE 1
 (A) Sketch of probe locations, in case of right-handed subject. The positioning of the probes is performed following EEG10/20 system mapping, injection and detection points are equidistant form the selected location. Each probe is connected to one TD-fNIRS device. The two devices are synchronized together for parallel and bilateral brain hemodynamic acquisition. (B) Pictures of the custom developed optical probe.


For each task, the subject’s arm moved (actively or passively) from the resting position, longitudinally to the body, up to the height of the eyes, keeping the elbow straight and returning to the resting position. Each block consisted of 5 s of baseline, 5 s of task and 15 s of rest, repeated 10 times. The synchronization of the tasks was performed using audio commands. In the arm raising task (AR, not goal-oriented) the subject was asked to lift his arm autonomously and lower it down in a maximum time range of 5 s. The arm raising and grasping task (ARG, goal-oriented) consisted in raising the arm to the same height of the previous exercise and grasping a small and lightweight object (20 × 50 × 10 mm). During the following repetition, the subject must reposition back the object in the original location. In the final task, helped arm raising (HAR) task, an operator was raising the subject’s arm to the height of the subject’s eye, making the subject performing a “passive” exercise, without any voluntary action by the subject. During this experiment the operator was holding the subject’s wrist for the full exercise period (baseline, task, and rest) to avoid any possible confounding effect due to the involvement of the motor cortex or SMA. If the operator perceived the subject making any active movements throughout the task, voice feedback was supplied to the subject asking to relax all arm muscles and allow the operator to solely lead the subject’s arm. A schematic of the three exercise performed during the protocol is reported in Figure 2.

[image: Figure 2]

FIGURE 2
 Protocol structure: each block is composed by 5 s baseline, 5 s task and 15 s rest periods and it is repeated 10 times for the same task. The three different tasks are sketched in the black and gray squares: 1. ARG, 2. AR, 3. HAR, red arrows indicate passive movements while blue arrows indicate active and independent motion of the subject.




Data analysis

TD-fNIRS data were acquired as distribution of time-of-flight (DTOFs) of the photons backscattered from the probed tissue. Absolute optical coefficients have been retrieved by exploiting the convolved paths method (Zucchelli et al., 2013), which can reject superficial perturbations enhancing the contrast created by deeper layers’ variations. By computing the information about the absorption coefficient at different depths and different wavelengths it is possible to retrieve the absolute concentration of oxygenated and deoxygenated hemoglobin. By repeating this at every sampling time it is possible to calculate the hemodynamic response function (HRF).

The HRF used to fit our data is therefore composed by the sum of three gamma functions (Γ) with different signs, and different peak delays (Eq. 1) to possibly include the several different processes involved in the neurovascular coupling mechanism (e.g., feed-forward effect, fee-back effect, initial dip) (Iadecola, 2017; Kamran et al., 2018). The shape of the HRF depends on the following adaptive parameters: amplitude (A) and peak delay of the positive gamma function from the beginning of the task (τp); peak delays of the negative gamma functions (τd and τe) and their relative amplitudes B and C (ranging from 0 to 1) with respect to the amplitude of the positive gamma function (main peak). A, B, and C values have opposite signs in case of deoxy-HR (negative HRF). By convolving the curve resulting from the linear combination of the three gamma functions (h) with a boxcar function (N) as long as the length of the performed task, we obtain the initial guess of the HR: f(t) (Eq. 2). The same boxcar function (N) has been used for each motor task and in both measuring locations.
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The initial HRF will then be fitted through the Levenberg–Marquardt algorithm to minimize the mean square error between the theoretical HRF and the measured data. The fitted parameters are: A, B, C, τp, τd, and τe. Boundaries and initial guesses for the fitting process are summarized in Table 1. Note that since the “initial dip” (B) and the “undershoot” (C) amplitudes are relative to the main peak amplitude (A), their values range from 0 to 1. Their, their initial guesses were set to 0.5. The fitting results were examined using Pearson’s correlation coefficient (R) to determine the quality of the fitting procedure: R < 0.3 translates in weak correlation, 0.3 < R < 0.7 in moderate correlation and R > 0.7 in high correlation.



TABLE 1 Boundaries (Max and Min) values for the fitted parameters and their initial guess value.
[image: Table1]

Average results obtained from the HRF fitting procedure over the entire population have been analysed individually, to look for significant differences between average values within the three different tasks. For each comparison, a paired two-sample, two-tailed t-test has been exploited. The null hypothesis was formulated assuming that there is no significant difference between values being compared. Additionally, the Kolmogorov–Smirnov (KS) test of normality with KS p-value >0.05 was used to make sure that the samples under study did not differ significantly from a normal distribution.

The two measuring channels (pre-frontal cortex and motor cortex) have been treated independently. Since no significant activations have been recorded in the prefrontal cortex (control channel), statistical analysis on the hemodynamic responses have been focused on the motor cortex channel only. To address the issue of multiple comparisons due to the multiple t-tests performed on the same population performing different tasks, a correction for multiple comparisons was applied using the Bonferroni method, lowering the potential occurrence of false positives. Considering the comparisons within three distinct tasks, a total of three comparisons were considered in the analysis. This correction resulted in an adjusted significance threshold of alpha = 0.017, reducing the likelihood of Type 1 errors (false positives). Therefore, to determine statistical significance, differences with p-values below the threshold p = 0.017 were deemed statistically significant.




Results

Averaged results across all 16 subjects and task repetitions are presented in Figure 3, for the prefrontal cortex (Fp2/1 position) and in Figure 4 for the motor cortex area (C3/4 position). For every exercise, results are shown in terms of hemodynamic variations from baseline values. Both figures report results relative to the upper layer, extra cerebral contribution (first row), and the lower layer, relative to the cerebral cortex (second row). Each column, from left to right, is relative to one exercise: arm raising (AR) arm raising and grasping (ARG) and helped harm raising (HAR). The adaptive HRF model used was the three-gamma-functions model, suitable to fit the initial dip of the O2Hb and the initial raising peak of the HHb. Only the results relative to the lower layers of the brain cortex have been fitted with the HRF model.
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FIGURE 3
 Average results from the prefrontal cortex acquisition during the three motor tasks: arm raising (AR), arm raising and grasping (ARG), and helped arm raising (HAR). Shaded areas represent the standard error calculated across all subjects. Upper row shows results from the extra-cerebral layers and lower row from cerebral cortex.


[image: Figure 4]

FIGURE 4
 Average results from the motor cortex position during the three motor tasks: arm raising (AR), arm raising and grasping (ARG), and helped arm raising (HAR). Shaded areas represent the standard error calculated across all subjects. Upper row shows results from the extra-cerebral layers and lower row from cerebral cortex.


As expected, no significant task-related hemodynamic activations (i.e., increase in oxy-and simultaneous decrease in deoxy-hemoglobin concentrations during the task period) were noticed in the prefrontal cortex position neither in deeper cerebral layers nor in extracerebral regions, as shown in Figure 3. On the other hand, substantial brain activation was clearly visible in deeper layers of the primary motor cortex and SMA in both AR and ARG tasks, as shown in Figure 4. In these tasks, the hemodynamic response is characterized by an increase of the oxy-hemoglobin concentration and a concomitant decrease of the deoxy-hemoglobin. No systemic superficial hemodynamic variations have been noticed on average in the motor cortex area. Both oxygenated and deoxygenated hemoglobin variations during the goal-oriented task (ARG) are substantially more intense than the variations of the not goal-oriented task (AR): as a matter of fact, absolute peaks values are doubled for both hemoglobin concentrations in the ARG case.

The adaptive HRF model has been applied both on oxy-and deoxy-hemoglobin readings on every subject and every task, after averaging the five repetitions. With the aim of finding a standardized procedure to quantify the average brain activation for the three different tasks the output parameters of the fitting procedures have been averaged across all subjects and the relative differences have been studied. A deeper analysis of the HRF fitted parameters regarding the motor cortex (lower layers) area is here shown (Tables 2, 3).



TABLE 2 Average values of the fitted parameters of the HR, relative to oxygenated and deoxygenated hemoglobin concentrations over all subjects and all tasks. B and C values are unitless since they are fractions of A. Squared brackets signs indicates the couple of values which showed significant difference from each other (p < 0.017) based on the two-tailed paired t-test and corrected for multiple comparisons (Bonferroni method), p-value is reported in the text boxes next to the bracket sign. For A parameter, differences between oxy and deoxy values are always significant (p < 0.0001) but are not signed for a clearer presentation. R is average Pearson correlation coefficient between the measurement and the fitted HR.
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TABLE 3 Standard error of the values reported in Table 2.
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From Table 2 it is possible to appreciate the average values of the fitted parameters and in which cases their variations can be considered as statistically significant between different tasks. Standard errors relative to the average values are summarized in Table 3. The significance of the test has been performed exploiting the two-tailed paired two-sample t-test, supposing equal variances of the two populations and correcting for multiple comparison trough the Bonferroni method. t-test resulting in p-values <0.017 have been considered significant and the null hypothesis (no difference between variables under test) can therefore be rejected. Oxy-HR (oxygenated hemoglobin hemodynamic response) activations show significantly higher intensity in case of the ARG exercises compared to both AR and HAR. No significant differences have been found between the activation intensity of AR and HAR oxy-hemoglobin responses; this might be due to higher standard deviation characterizing these two values. In the AR task the activation peak of the oxygenated hemoglobin showed to occur significantly before if compared to the ARG and the HAR task. Additionally, the amplitude ratio of the undershoot of the oxy-HR activation (B) showed to be greater in the HAR exercise compared to the ARG one.

The significant differences found across different exercises in the deoxy-HR fitted parameters are related to the amplitude of the activation peak, the initial dip, main peak and also the undershoot, while no significant differences have been found within peaks’ delay. In particular, the amplitude of the peak (A) is significantly more pronounced, (larger negative value) in case of AR exercise compared to the HAR one, similarly amplitudes B and C are greater in HAR with respect to ARG deoxy-HR.

Finally, comparing oxy-and deoxy-HR responses, it has been noticed that the delay of the main activation peak (τp) is significantly greater in the HHb compared to the O2Hb only in case of the AR task. No significant (inter-hemoglobin) differences have been found on other HR parameters.



Discussion

Specific brain cortex areas can activate due to external stimulus or voluntary actions. Brain activation related to a particular task performed by a subject will be defined as “functional” brain activation. During the stimulus, a functional cerebral hemodynamic response typically involves a rise in oxygenated hemoglobin concentration with a concurrent reduction (generally with a lower intensity) in deoxygenated hemoglobin concentration, followed by a relaxation trend toward the original values. The cerebral hemodynamic response in the brain cortex area, where neuronal activation occurs, is driven by the neurovascular coupling that connects neuron and vascular functions. Relying upon the most accredited theories, this mechanism is regulated by two main phenomena: a feed-forward effect, and a feed-back effect (Kamran et al., 2018).

These two effects will eventually translate into the neurovascular response that we record via TD-fNIRS. Scientists working with the blood oxygen level-dependent (BOLD) signal from functional magnetic resonance imaging (fMRI) have established models to characterize such hemodynamic responses (Boynton et al., 1996; Handwerker et al., 2004). Recent publications presented an adaptive HRF model which can be used to fit also fNIRS acquisitions (initially retrieved by CW-fNIRS measurements only), as presented by Uga et al. (2014). The HRF in the mentioned work is composed by the linear combination of two gamma functions, having opposite signs and fixed delay between their peak positions.

It has also been reported that HRF can show different characteristics in different brain regions (Jasdzewski et al., 2003; Kamran et al., 2015). Furthermore, it is well-known that the hemodynamic signal has inter-subject variability as well as inter-trial variations. A modification of the previous model can be proposed by adding one third gamma function having negative sign, in the timeframe between the beginning of the task and the peak of the first gamma function [an example is presented in (Kamran et al., 2018)]. This additional variable allows to account for a faster process of the cerebral hemodynamic response, often called “initial dip” (Kamran et al., 2018), which is most probably related to the feed-forward mechanism of the neurovascular coupling. This approach is not new in the fNIRS world but, to our knowledge, it is the first time it has been applied to TD-fNIRS data. From the results presented in the previous section, on average, the fitting of the hemodynamic measurement with the adaptive HRF model here proposed, showed moderate R > 0.3 to strong R > 0.7 correlation (Table 2 reporting average values and p-values form the t-test and Table 3 reporting their standard errors). Only three subjects showed an average correlation (R) over the three tasks lower than 0.3 related only to the deoxy-HR fit. All subjects showed more than 0.3 average correlation, and more than half of the population showed average correlation (over hemoglobins and tasks) greater than 0.7.

In Table 2, the stronger activation seen in the ARG task can be explained by more intense planning of the movement and higher complexity of the overall task. From Figure 4, we also notice that, on average, the peak of the activation of the ARG task is delayed with respect to the AR task for both HHb and O2Hb (significant only in case of oxy-HR p-value = 0.0001, Table 2), this could be potentially related to the more complex planning and execution of the task, requiring more time to be processed. On the other hand, in the helped arm raising (assisted) task, we did not notice any substantial activation in the motor cortex. Given the passive nature of the exercise (in its optimal execution, where the subject does not plan/perform any movement) no brain activation is expected to occur. Only slight activations were seen on a few subjects, with very low intensity, mainly related to oxygenated hemoglobin variation. It is important to notice that fitting parameters outputs resulting from AR and in particular HAR tasks are highly variable, mainly due to a lower signal to noise ratio of the activations compared to ARG. Since some individuals’ HR processes are hard to be detect, average results related to the first and last peak of the HR are of lower significance. It is therefore useful to weight the relevance of the fitted parameters of a specific HRF on its main peak amplitude (A).

Considering this study’s limitations, it is important to acknowledge that the small number of channels employed (i.e., measurement locations) may result in a partial understanding of the overall hemodynamics of the cerebral cortex. Specifically, utilizing only two measurement locations enabled to capture hemodynamic variations solely from the prefrontal cortex and the motor cortex, while other regions of the cerebral cortex might be potentially involved in the execution of the tasks. Furthermore, the statistical analysis employed in this study is preliminary and tailored to suit the exploratory nature of this pilot investigation. To enhance significance and reliability of the presented findings, future studies should involve a larger cohort of patients.

From the literature it can be seen that most of the available studies in which similar tasks have been investigated are based on continuous wave (CW) fNIRS (Kashou et al., 2016; Jang et al., 2017). Concerning the simple arm-raising exercise, a similar task was found in literature, presented by Jang et al. (2017). In that work, 10 subjects were asked to perform three repetitions of bilateral arm raising while seated on a chair, 10 repetitions for a total task time of 20 s. The protocol included periods of 20 s of baseline before the task and 20 s of recovery after the task (rest period). A 49-channel CW-NIRS device was used, and the motor cortex was the region of interest during the analysis. The study highlighted a significant activation of the supplementary motor area and primary motor cortex zones. However, the reported conclusions only consider the values of changes in oxygenated hemoglobin and total hemoglobin (the latter can be considered a partial index of the regional blood flow) without including deoxygenated hemoglobin information. This weakens the reliability of the exposed results by not providing a comprehensive hemodynamic perspective of the functional response, but it does assist us in better identifying the brain area that will be most engaged in the specified motor task.

In the case of goal-oriented task (arm raising and grasping), no previous studies were found that proposed similar protocols, but it is possible to estimate the extent of the related brain activation by combining information from arm raising and grasping exercises. Grasping tasks are often studied individually and different objects might be selected to be grasped. From the work of Kashou et al. (2016) we foresee that the motor cortex activation related to a grasping task will have a comparable behavior to a finger-tapping exercise. Given the higher complexity of the overall movement, we expect the goal-oriented activation to be more intense with respect to the non-goal-oriented one. Healthy subjects brain activation related to finger-tapping task have already been explored by the authors with the same TD-fNIRS device exploited in this study (Lacerenza et al., 2020).

Since in previous literature no studies have been found comparing passive motor task (e.g., helped arm raising) with active motor task (e.g., standard arm raising task), in this work, the helped arm raising task was added to the protocol to explore the possible cerebral and extracerebral hemodynamic triggered by a passive action. Given that, the motor cortex area will not be actively involved, no significant motor cortex activation was expected in healthy subjects.

The evaluation of brain activation during assessment phase and training phase is of high interest in the neurorehabilitation field. The work by Maier et al. (2019) unifies the neuroscientific literature relevant to the recovery process and rehabilitation practice in order to provide a synthesis of the principles that constitute an effective neurorehabilitation approach. The authors investigate on how to implement the knowledge of these principles and formalize rehabilitative protocols that truly modify the neural substrate and promote skills not only in stroke patients but also in other neurodegenerative diseases such as Parkinson’s disease. One of the most important principle is the goal-oriented therapy. As in the article of Maier et al. this work confirms the importance in brain activity of goal-oriented tasks compared to non-goal-oriented ones.

The supplementary motor area, which was considered in this study is involved in important clinical conditions. This area has come under increasing scrutiny from cognitive neuroscientists, motor physiologists and clinicians given its crucial role in linking cognition to action (Nachev et al., 2008). The work by Jacobs et al. (2009) shows that the supplementary motor area contributes to the timing of the anticipatory postural adjustment and that participants with Parkinson’s disease exhibit impaired timing of their anticipatory postural adjustments, in part, due to progressive dysfunction of circuits associated with the supplementary motor area. TD-fNIRS devices could investigate the activation of this crucial area during the execution of even more complex functional movements, such as direction changes in gait, which are really complex and difficult for patients with Parkinson’s disease (Park et al., 2020).

The investigation using TD-fNIRS could also be fundamental to study and implement other neurorehabilitation principles, such as practice characterized by a particular task. Practice for a task requires that the conditions for performing a task (neuro-muscular synergies) are selective and specific for that same task both in terms of sensorimotor performance and contextual factors. Specialized training facilitates motor learning even during the retention phase, and reduces inhibition of the non-affected hemisphere on the affected one and the relationship between them (Maier et al., 2019). The work from Walsh et al. (2008) using fMRI and Structural Equation Modelling (SEM) to compare unimanual and bimanual movements shows that the dominant hemisphere appears to initiate activity responsible for bimanual movement, and that the networks involved in producing unimanual movements are distinct from the networks involved in contralateral unimanual movements. These findings provide a better understanding of cortical motor physiology in both healthy individuals and those with neurological damage.

Due to their portability, ease of use, and capability to track in real time the hemodynamic activity of key cerebral regions, TD-fNIRS devices may be used to monitor brain activity during functional movement, functional bimanual exercises, or in ongoingmovement.

TD-fNIRS has already been used to record prefrontal region activity during cognitive activities. As the prefrontal cortex is crucial in processing the cognitive, emotional, and behavioural information required for normal functioning in daily life, interest in this topic has grown. Dysexecutive disorders that may occur following damage to the prefrontal cortex can include difficulties in planning and organization, working memory, mental flexibility, impulse control, and emotional regulation (Jones and Graff-Radford, 2021). These disorders can negatively affect the individual’s ability to perform work activities and to interact effectively with others in a social environment. For example, difficulties in planning and organization can make difficult for an individual to perform complex work tasks or manage his daily life (Diamond and Ling, 2019). Because executive function networks encompass several circuits of cortico-subcortical brain regions and cerebellar sites, the exploitation of TD-fNIRS is promising also in cognitive rehabilitation environments to assess and enhance brain activation (trough tailored exercises) in specific areas associated with executive function.



Conclusion

Brain activations from 16 healthy subjects have been successfully recorded during upper limb motor exercises, exploiting compact commercial TD-fNIRS devices, without any restriction on subject enrollment due to hair/scalp characteristics. Quantitative oxygenated and deoxygenated hemoglobin regional concentrations have been recorded, probing extracerebral and cerebral tissues, and in two different brain locations simultaneously. Goal-oriented, not goal-oriented and passive tasks have been explored and consistent results have been retrieved across subjects. Thanks to the employed HRF model, it was possible to quantitatively compare shape, amplitude and timing of the motor cortex HRs in the different tasks. The active arm raising and grasping task (ARG) resulted in a significantly stronger activation compared to the active arm raising task (AR), while, on average, the passive arm raising task did not produce any substantial activation in the brain cortex. The valuable results here reported are representative of upper limb motor activations in healthy subjects, forming an explorative dataset to be compared in the future with brain activations in pathological conditions.

This study based on measurements on heathy subjects, supports that the use of TD-fNIRS in the field of neurorehabilitation has the potential to monitor motor learning in individuals with neuromuscular impairments by providing a quantitative and non-invasive method for measuring changes in brain during motor exercises. This can be used to design rehabilitation programs that target specific brain regions, potentially optimizing motor learning and following progress over time.
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Introduction: Brain tissue damage caused by ischemic stroke can trigger changes in the body’s metabolic response, and understanding the changes in the metabolic response of the gut after stroke can contribute to research on poststroke brain function recovery. Despite the increase in international research on poststroke metabolic mechanisms and the availability of powerful research tools in recent years, there is still an urgent need for poststroke metabolic studies. Metabolomic examination of feces from a cerebral ischemia–reperfusion rat model can provide new insights into poststroke metabolism and identify key metabolic pathways, which will help reveal diagnostic and therapeutic targets as well as inspire pathophysiological studies after stroke.

Methods: We randomly divided 16 healthy adult pathogen-free male Sprague–Dawley (SD) rats into the normal group and the study group, which received middle cerebral artery occlusion/reperfusion (MCAO/R). Ultra-performance liquid chromatography–tandem mass spectrometry (UPLCMS/MS) was used to determine the identities and concentrations of metabolites across all groups, and filtered high-quality data were analyzed for differential screening and differential metabolite functional analysis.

Results: After 1 and 14 days of modeling, compared to the normal group, rats in the study group showed significant neurological deficits (p < 0.001) and significantly increased infarct volume (day 1: p < 0.001; day 14: p = 0.001). Mass spectra identified 1,044 and 635 differential metabolites in rat feces in positive and negative ion modes, respectively, which differed significantly between the normal and study groups. The metabolites with increased levels identified in the study group were involved in tryptophan metabolism (p = 0.036678, p < 0.05), arachidonic acid metabolism (p = 0.15695), cysteine and methionine metabolism (p = 0.24705), and pyrimidine metabolism (p = 0.3413), whereas the metabolites with decreased levels were involved in arginine and proline metabolism (p = 0.15695) and starch and sucrose metabolism (p = 0.52256).

Discussion: We determined that UPLC–MS/MS could be employed for untargeted metabolomics research. Moreover, tryptophan metabolic pathways may have been disordered in the study group. Alterations in the tryptophan metabolome may provide additional theoretical and data support for elucidating stroke pathogenesis and selecting pathways for intervention.

KEYWORDS
 untargeted metabolomics, ischemic stroke, rats, tryptophan metabolism, metabolism


1. Introduction

Ischemic stroke is a clinical syndrome characterized by rapid onset of focal or global brain deficits lasting more than 24 h (Shen et al., 2023). Ischemic stroke condition manifests as motor, sensory, cognitive and speech dysfunction (Winstein et al., 2016) and places a heavy burden on the economy and society due to its high morbidity, mortality and disability rates (Bai et al., 2017). Stroke-induced brain damage is caused by a complex series of neuropathological events, mainly including oxidative stress, excitotoxicity, apoptosis and neuroinflammation (Kunz et al., 2010; Radenovic et al., 2020). The associated pathophysiological responses further leads to changes in the patient’s metabolism and alterations in metabolites.

The gut-brain axis (GBA) is a two-way communication network between the gastrointestinal tract and the central nervous system. After stroke, the GBA communicates from the brain to the gut (top-down signaling) and plays a regulatory role at several levels, directly or indirectly. Stroke impairs intestinal function, affecting intestinal motility (Singh et al., 2016; Jiang et al., 2021), subsequently altering intestinal flora (Chen et al., 2019; Lee et al., 2020), resulting in changes in flora metabolism and ultimately metabolites such as feces (Winek et al., 2016; Jiang et al., 2021; Huang et al., 2022). Therefore, the corresponding metabolic changes in the gut microbes are thought to be one of the hallmarks of stroke pathogenesis (Benakis et al., 2016; Zhu et al., 2021). In turn, gut microbiota dysbiosis appears to communicate with the brain through the microbial gut-brain axis (bottom-up signaling), thereby exacerbating the deleterious effects of stroke (Benakis et al., 2016; Singh et al., 2016). Studies have shown that short-chain fatty acids and indole derivatives produced by gut microbes, among others, can influence brain function by influencing energy metabolism, inflammation and neurotransmitter changes in the brain, making them functional preservers of the brain (Winek et al., 2016; Roth et al., 2021; Huang et al., 2022) (2, 27,714,645). Therefore, a growing amount of research supports the notion that gut microbes are significant regulators of GBA and drivers of amino acid metabolism (De Vadder et al., 2014; Fröhlich et al., 2016). Eventually, metabolites related to host–microbe interactions have become new targets for testing (Mu et al., 2016).

Metabolomics is one of the most widely used applications for tracking metabolites (Ma et al., 2012). This approach allows researchers to identify and screen for biomarkers. It also allows the study of typological and quantitative changes in endogenous metabolites, as well as their intrinsic relationship and broad patterns of change with physiological and pathological phenotypes following perturbations. Furthermore, by focusing on host–microbe interactions, metabolomics can identify metabolites (qualitatively and quantitatively) associated with these interactions and ultimately reveal the metabolic mechanisms underlying disease pathogenesis.Thus, metabolomics is uniquely positioned to help identify biomarkers specific to disease mechanisms (Bujak et al., 2016; Johnson et al., 2016). One of the research approaches in metabolomics is nontargeted metabolomics, which is used to analyze as many metabolites as possible without prior knowledge of these metabolites (Dunn et al., 2012). Metabolomics is also increasingly used in the course of clinical research in stroke because of its potential role in the discovery of biomarkers for the early diagnosis of ischemic stroke and the development of new therapeutic targets (Kimberly et al., 2013; Jové et al., 2014; Sidorov et al., 2019; Montaner et al., 2020).

The ultra-performance liquid chromatography (UPLC) employed in this study is the most widely used technique for metabolomics analysis with ultrahigh efficiency, ultrahigh separation, ultrahigh sensitivity and low consumption, and this method dominates the field of metabolomics (Barri and Dragsted, 2013; Yin et al., 2016; Ma et al., 2017). When coupled with mass spectrometry measures, such as quadrupole time of flight (Q-TOF), ESI (QQQ) or MS/MS (Q-Trap), UPLC offers significant advantages in qualitative as well as quantitative analysis. Su et al. (2016) investigated the protective effect of a Raf kinase inhibitor protein against stroke using ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC-Q-TOFMS), which provides a better understanding of the molecular mechanisms of ischemic stroke and a strong foundation for the development of new therapeutic targets for the treatment of ischemic stroke. In contrast, Liu et al. (2017) used liquid chromatography–mass spectrometry and gas chromatography–mass spectrometry to identify a set of five metabolites to differentiate acute ischemic stroke patients from healthy subjects.

Previous literature has typically focused on the analysis of serum from patients or animals with cerebral ischemia, and there is a relative paucity of studies on feces produced by the body after stroke. However, using feces as a sample to study the association between poststroke metabolism and the GBA after stroke has advantages over the methods described above. For example, fecal samples are non-invasive and easy to collect, and it is easier for researchers to collect large numbers or multiple samples over time to study changes in metabolite levels over time, providing a more complete picture of metabolic activity in the gut of stroke patients. Secondly, due to the protective environment of the gut, fecal metabolites tend to be stable and can be stored for longer periods of time without degradation, improving the stability and accuracy of results and facilitating retrospective analysis (Smith et al., 2020; Erben et al., 2021). Most importantly, fecal metabolites directly reflect the metabolic activity of the gut microbiome, facilitating direct interpretation of the link between GBA and stroke pathogenesis (Zierer et al., 2018; Xu et al., 2019). Not only that, Zhao et al. (2022) analysed feces, urine and plasma from ischaemic stroke patients and healthy groups using a combination of non-targeted metabolomics and macrogenomics, and found that fecal metabolites provided the richest metabolic information and showed the strongest correlation with the gut microbiome, helping to study the interaction between gut microbiota and metabolites to understand the disease. And there have been many studies using feces as a sample for metabolomics research. For example, Cheema and Pluznick (2019) used untargeted metabolomics to analyse fecal samples to study changes in fecal metabolites of angiotensin II in conventional and germ-free mice. Lupo et al. (2021) used non-targeted metabolomics to analyse stool samples from patients with chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) and healthy controls to study the metabolic differences between the two that underlie CFS/ME. Pathogenesis provides insights. Jiang et al. (2021) used untargeted metabolomics to study fecal samples to identify potential post-stroke depression-associated gut microbes and their functional metabolites in rats.

In the present study, we used Sprague–Dawley (SD) rats as subjects through middle cerebral artery occlusion to model cerebral ischemia–reperfusion. UPLC–MS/MS provided us with a method for metabolomic analysis of feces. Further, the purpose of our study was to investigate potential markers in rat feces after ischemic stroke by UPLC-MS/MS, to obtain basic data on changes in markers after ischemic stroke, and ultimately to elucidate the potential link between alterations in metabolic function and stroke. Ultimately, this information will improve our knowledge of stroke disease and help us to identify poststroke biomarkers and relevant targets for stroke therapy.



2. Materials and methods


2.1. Animals and grouping

Healthy adult male SD rats (300 ± 20 g), Shanghai Laboratory Animals Ltd. provided them for the study (No. SYXK 2020–0002). Rats were housed in a flat area with regulated environmental conditions, including noise levels within 60 dB, temperature between 21 and 25°C, humidity between 40 and 60%, and 12 h of light/12 h of darkness per day(light hours: 7:00–19:00). One week was allowed for rats to acclimatize to the standardized laboratory conditions. All rats were allowed to drink water (autoclaved) and food (60Co-irradiated sterilized breeding chow, No. 2019060676, Beijing Huafukang Biotechnology Co., Ltd.), ad libitum, and bedding was changed every other day (60Co irradiated corn cobs, Biotechnology Co., Ltd.) and cages (No. IsoRat900N, Tecniplast Group) every other day. All experimental methods were performed in accordance with guidelines for the care and use of laboratory animals in biomedical research (Jones-bolin, 2012).

The random number table method was used to randomly divide the rats into two groups (n = 8/group): (1) the normal group, where the rats were kept without any treatment and under the same conditions; (2) the study group, the rat’s middle cerebral artery was occluded/reperfused byinserting an intracanalized monofilament in the left internal carotid artery of the rat.



2.2. Establishment of the study group model

The study group used the Longa method to establish the MCAO/R model (Longa et al., 1989). After 12 h of preoperative fasting, during which time water was freely available, the rats were immobilized in the supine position and anesthetized with 3% isoflurane in 30% O2 and 67% N2. The skin in the middle of the rats’ necks was prepared and disinfected with alcohol iodine, and a longitudinal neck incision was made along the midline. The left common carotid artery, external carotid artery and internal carotid artery were all directly exposed and isolated after the internal and external sternocleidomastoid muscles were separated. Thereafter, the occipital artery and superior thyroid artery were isolated and cauterized to prevent bleeding with a preheated electrocautery device. The pterygopalatine artery, a branch of the internal carotid artery, was ligated; a lasso was made at the distal end of the external carotid artery. The common and internal carotid arteries were then clamped, and the vessel distal to the external carotid artery was cut between the two knots with a microscopic spinning instrument. The external carotid artery was gently pulled so that it was in the same line as the internal carotid artery, and a marked monofilament (Bosterembolus, Boster Biotechnology Co., Ltd., Wuhan, China)was gently pushed through the incision in the direction of the external carotid artery until resistance was minimized(approximately 18 mm). Finally, the monofilament was secured by ligating the proximal external carotid, and the arterial clips of the common and internal carotid arteries were removed. The monofilament was slowly withdrawn after 90 min of ischemia, and the incision was then sutured and postoperatively disinfected with iodine. Until the rats recovered from the anesthetic, their body temperature was maintained at 37 ± 1°C with an electric blanket during the procedure.



2.3. Evaluation of the study group


2.3.1. Scoring of neurological deficits

The neurological deficits were assessed according to the Long five-point scale and were scored as follows (Longa et al., 1989): 0, no signs; 1, the rat was unable to fully extend the forelimb; 2, the rat was paralyzed in one limb and had tail-chasing; 3, the rat could not stand or roll; 4, no spontaneous movement and had impaired consciousness. Scores of 1 to 3 indicated successful modeling. The normal group and the study group were evaluated for neurological symptoms 2 h and 14 days following modeling (see Supplementary Figure S1).



2.3.2. Measurement of cerebral infarct volumes

MRI T2-weighted imaging data were obtained using a 9.4 T MRI Bruker Avance-console and a 35 mm orthogonal volume coil (Pharmascan, microMRI, Bruker Medizintechnik, Germany) to determine the nature of infarction in rats. Scans were performed on each group of rats within 24 h of ischemic stroke. Briefly, isoflurane/O2 (3% for induction and 2% for maintenance) was used to anesthetize rats. The rats were maintained in a stable physiological condition by placing them flat on a rodent bed covered with a warm water bath mat. A physiological detector (SurgiVet V3395TPR, Smiths Medical Inc., St Paul, MN) continuously monitored vital signs (temperature, respiration and heart rate).

T2-weighted imaging (T2WI) was acquired using a relaxation enhanced (RARE) sequence with the following parameters: field of view (FOV) = 32 × 32 mm, repetition time (TR) = 2,500 ms, echo time (TE) = 33 ms, average number of averages (averages) = 4, number of layers (slices) = 21, layer thickness (slice thickness) bandwidth = 326,087 Hz, matrix size = 256 × 256, echo spacing (ESP) = 10,000 ms, refocusing angle = 180°, excitation angle = 90°, echo column length (echo train length, ETL) = 8, and k-zero = 3. ITK-SNAP1 software was used to segment the images of the cerebral infarct region, and the MATLAB 2013b2 program was used to calculate the infarct volumes for each subject. The volume of the infarct was obtained as follows: brain infarct volume = number of pixel points in the brain infarct region× spatial resolution of the pixel points.




2.4. LC–MS/MS analysis


2.4.1. Fecal sample collection

Fourteen days after establishment of the study group, fecal samples were collected in the normal and the study group after a 12 h fast. Feces were collected by stress defecation, placed in sterile EP tubes and immediately frozen in liquid nitrogen for 10 min and stored at −80°C until use.



2.4.2. Sample preparation

First, an EP tube was filled with 100 μL of the sample, and 400 μL of 80% precooled methanol in water was added and mixed thoroughly by vortex shaking. The mixture was then placed in an ice bath for 5 min and centrifuged at 15,000 × g for 20 min at 4°C. The supernatant was collected and analyzed by liquid chromatography–mass spectrometry (LC–MS; Barri and Dragsted, 2013). The final sample was lyophilized, resolubilized using an equal volume of cosolvent (methanol:acetonitrile = 1:1), vortexed and centrifuged at 15,000 × g for 20 min at 4°C.Mass spectrometry water was used to dilute an amount of supernatant twice, and the diluted sample was assessed using the machine.



2.4.3. Metabolite detection

On a Vanquish (Thermo Fisher Scientific) ultra-performance liquid chromatograph, the target compounds were separated and chromatographed using a Hypesil Gold column (100 × 2.1 mm, 1.9 μm, Thermo Fisher, United States). Liquid chromatography was performed with mobile phase A containing 5 mM ammonium acetate and 0.1% formic acid (pH = 9.0) and methanol-based mobile phase B. With an injection volume of 1 μL and a flow rate of 0.20 mL/min, the column temperature was set at 40°C. The chromatographic gradient elution program was set up as shown in Table 1; under the control software (Xcalibur, Thermo), the Thermo Q Exactive HFX mass spectrometer was able to acquire primary and secondary mass spectrometry data. The following specific parameters were established: The MS/MS secondary scans are data-dependent scans; capillary temperature is 320°C, sheath gas flow rate is 40 Arb, aux gas flow rate is 10 Arb, spray voltage is 3.2 kV, and polarity is positive and negative.



TABLE 1 Chromatographic gradient elution program.
[image: Table1]



2.4.4. Data extraction and multivariate analysis

For peak detection and alignment, sample data were extracted using Compound Discover (CD) software (version V3.1, Thermo Fisher, Germany). Internal standard normalization was used in the examination of the data, and the final data set, including peak number information, sample name and normalized peak area was then imported into SIMCA software (V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden) for principal component analysis (PCA) of fecal metabolites (Wiklund et al., 2008) and orthogonal partial minimum analysis (OPM). Pattern recognition analysis was performed by orthogonal projections to latent structures-discriminant analysis (OPLS-DA). Metabolites with a variable importance in the projection (VIP) greater than 1 and p < 0.05 were considered differential metabolites (Saccenti and Hoefsloot, 2014). Potential biomarkers were found using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database3 and the Human Metabolome Database (HMDB).4 In addition, pathway enrichment analysis was performed using many databases, including PubChem5 and MetaboAnalyst.6




2.5. Statistical analysis

Excel 2019 for Windows (Microsoft Corporation, San Francisco, CA, United States) was used to generate the database, and IBM SPSS version 24.0 statistical software (SPSS Inc., Chicago, IL, United States) was utilized for all statistical analyses. The normality of the distributions of continuous variables was tested, with normally distributed continuous variables expressed as the mean ± standard deviation (SD); the means of continuous normally distributed variables were compared by independent samples Student’s t test. Nonnormal variable medians were compared using nonparametric testing. Differences were considered statistically significant if p < 0.05.




3. Results


3.1. Neurological deficit scores and imaging evaluation in model rats with cerebral ischemia stroke

The rats in both groups were scored for neurological deficits at each time point, and the results are present in Table 2. At each time point, the rats in the normal group did not show any neurological deficits, whereas the study group showed different degrees of neurological deficits at 1 and 14 days of ischemic stroke. A statistically significant (p < 0.001) difference in scores was noted compared to the normal group. The infarcts of the rats were assessed at 1 and 14 days after ischemic stoke injury using T2WI structural images at the specific infarct locations shown in Figure 1, including brain regions such as the hippocampus, internal olfactory cortex, motor cortex, sensory cortex, dorsal thalamus and striatum. As shown in Table 3, the infarct volume increased more significantly in the study group of rats at different time points 1 day and 14 days after modeling (1 day, p < 0.001; 14 day: p = 0.001). In conclusion, these results provide evidence that the rat model used in this study was stable.



TABLE 2 Comparison of longa scores between rat groups.
[image: Table2]
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FIGURE 1
 (A,B) Show the signal changes in the normal group and the study group at day 1 and day 14 after brain infarction.




TABLE 3 Comparison of the percentage of cerebral infarct volume in each group of rats.
[image: Table3]



3.2. Nontargeted metabolomics results


3.2.1. Quality control results

The stability of the assay can be judged by the difference in response peak heights of the internal standards between the quality control samples. The extracted ion current (EIC) plots for all samples are shown in Figures 2A,B. The results indicate that the response intensities and retention periods of the peaks basically overlap, revealing that the variation caused by instrument error is minimal throughout the process. The response peak heights of all samples almost overlap, and the peak heights, peak areas and retention times are approximately the same, indicating good stability of the instrument data acquisition.
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FIGURE 2
 Total ion current diagram for rat fecal samples in positive and negative ion modes, (A) Total ion current diagram (ESI+), (B) Total ion current diagram (ESI-).




3.2.2. Results of multivariate statistical analysis of fecal metabolomics

PCA is an unsupervised statistical method that uses an orthogonal transformation to turn a set of observed potentially correlated variables into linearly uncorrelated variables (i.e., principal components), whereas OPLS-DA is a supervised statistical method that allows for repeated analysis of samples between groups, allowing for more reliable group differences in metabolites. The PCA score plot (Figures 3A,B) shows that all samples fell within the 95% confidence interval (Hotelling’s T-squared ellipse) and that the normal and model groups were separated in both positive and negative ion modes, indicating that the differences between the two groups’ metabolites are displayed.

[image: Figure 3]

FIGURE 3
 PCA score plots for rat fecal metabolomics, (A) PCA Score Plot (ESI+), (B) PCA Score Plot (ESI-).


To assess intergroup differences in fecal metabolites between the normal and studyrat groups, OPLS-DA modeling analysis was performed using SIMCA 16.0.2 software, and model quality was tested using a 7-fold cross-validation test. In both positive and negative ion identification modes, scatter plots of the initial OPLS-DA model scores showed between-group differences between the normal model and studyrat fecal metabolome groups (Figures 4A,D). The R2Y (to assess the interpretability of the categorical variable Y) and Q2 (to assess the predictability of the model) values were recorded for each of the 200 permutation tests performed on the model (Figures 4B,E). This finding indicates that there is no overfitting in the initial OPLS-DA model, the two models established are more in line with the actual situation of the sample data, and the original model can reasonably explain the differences between the two sample groups. Therefore, the model has good adaptability and predictability. On this basis, volcano plots were used to display the metabolites that were significantly different between the normal group and the model group (Figures 4C,F).

[image: Figure 4]

FIGURE 4
 OPLS-DA plot, substitution test plot and volcano plot for metabolomic analysis of rat feces. (A-C) ESI+ model. (D-F) ESI- model.




3.2.3. Biomarker screening and pathway enrichment analysis

The compounds identified by the positive and negative ion patterns were deredundantly integrated and screened for differential metabolites. According to the above rules, this study’s cardinality criterion was a p value of less than 0.05 for Student’s t test, whereas the OPLS-DA model’s first principal component’s VIP was more than 1 to screen for differentially expressed metabolites in the two groups. The model and normal groups identified 1,044 differential metabolites in the positive ion model and 635 in the negative ion model. Due to the high-throughput nature of the Q-Exactive (QE) metabolome data, a large number of distinct metabolites were detected in this study, so only differential metabolites with a cardinality criterion of p < 0.05 and a VIP ≥ 2 are listed in this study. Table 4 provides a summary of the basic characteristics of these differential metabolites.



TABLE 4 Identification of two groups of differential metabolites.
[image: Table4]

The KEGG IDs of the differential metabolites were then uploaded to MetaboAnalyst for visual analysis and KEGG pathway analysis. The differential abundance score in the KEGG pathway difference abundance analysis is an analysis method based on the metabolic changes in the pathway, which can intuitively display the up- and downregulation of the metabolic pathway and the metabolic type (Figures 5A,C). According to the results, tryptophan metabolism, arginine and proline metabolism, arachidonic acid metabolism, starch and cross metabolism, cysteine and metabolism, and pyrimidine metabolism, are all closely associated with cerebral ischemic stroke injury. Among them, the metabolic pathways upregulated after cerebral ischemia/reperfusion injury included tryptophan metabolism, arachidonic acid metabolism, cysteine and methyl metabolism, and pyrimidine metabolism, and the metabolic pathways downregulated were arginine and proline metabolism and starch and cross metabolism. Through exhaustive analysis of the differential metabolite pathways (including enrichment analysis and topology analysis), we found the key pathway with the highest correlation with the difference in metabolites (Table 5; Figures 5B,D).The difference in metabolites between the normal group rats and the study group rats was mainly related to the tryptophan metabolic pathway, according to the data.
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FIGURE 5
 Differential pathway scores and metabolic pathway enrichment analysis bubble diagrams for the study group and normal group in positive and negative ion mode: the different colors of the pathways in (A,C) indicate the different metabolic classifications to which the pathways belong; the line segments indicate the up- and downregulation of the pathways; positive values of the line segments indicate the overall upregulation of the pathways; conversely, negative values of the line segments indicate the overall downregulation of the pathways; the size of the line endpoints indicates the amount of material annotated in the pathway. Each bubble in (B,D) represents a metabolic pathway. The horizontal coordinate of the bubble and the size of the bubble indicate the influence factor of the pathway in the topological analysis; the larger the size, the larger the influence factor. The vertical coordinate of the bubble and the color of the bubble indicate the p value [negative natural logarithm, i.e., -In(p)] of the enrichment analysis. The darker the color, the smaller the P value, and the more significant the enrichment.




TABLE 5 Results of integrated enrichment analysis of biomarkers using MetaboAnalyst.
[image: Table5]





4. Discussion

The development of stroke significantly alters the synthesis and molecular metabolism of body substances, and bidirectional communication between the brain and peripheral organs is important in patients after stroke (Iadecola and Anrather, 2011). Gut microbial colonization plays a significant role in the development of the host gut immune response (Gensollen et al., 2016). In contrast, differential metabolites in the pre- and poststroke rat gut reflect pathophysiological processes, such as energy deficit, inflammation, neurotoxicity, oxidative stress, neuroexcitation and injury, and are biochemical indicators that can be used to evaluate physiological and pathological processes (Zhang et al., 2021). Therefore, quantitative metabolomic analysis of pre- and poststroke metabolic changes in rats can increase the understanding of disease pathogenesis and improve the development of treatment protocols. We replicated the MCAO/R model using the Longa method and found that the MCAO/R rats not only had significant neurological deficits but also a significant increase in infarct volume in the brain after 1 and 14 days of modeling using neurological deficit scores and T2WI structural images. This provides further evidence of the stability of the MCAO\R model used in this study. Afterwards, we used UPLC–MS/MS metabolomics to perform a comprehensive study of metabolites in the feces of rats in an ischemic stroke model to provide an overall picture of metabolite changes. According to the PCA plots, 1,044 and 635 differential metabolites connected to stroke were identified in rat feces in positive and negative ion mode, respectively, separating the study group from the normal group in terms of potential biomarkers. Then, KEGG pathway analysis was performed using MetaboAnalyst, which revealed the presence of poststroke metabolites in rats. Stroke in rats causes abnormalities in the metabolism of a variety of substances, including tryptophan, arachidonic acid, cysteine and methionine, pyrimidine, arginine and proline, starch, and sucrose, suggesting that ischemic brain injury leads to metabolic disorders in the above six metabolic pathways in rats. Specifically, tryptophan metabolism was the most affected.

As mentioned earlier, brain injury due to ischemic stroke is accompanied by neuropathological events, such as oxidative stress and neuroinflammation. In contrast, arachidonic acid is a precursor of proinflammatory mediators and has a crucial role in the development of inflammation. Arachidonic acid is metabolized by the lipoxygenase, cyclooxygenase and cytochrome P450 epoxygenase pathways to produce a variety of active metabolic small molecules, which have a role in regulating the intensity and duration of the inflammatory response and are key regulators of oxidative stress and inflammation (Medzhitov, 2008; Alhouayek and Muccioli, 2014; Zhang et al., 2020). Methionine is crucial for the brain during and after hypoxia and is also a powerful antioxidant, as the sulfhydryl groups contained in methionine scavenge free radicals and have some antioxidant capacity. Thus, methionine plays a crucial role in limiting the level of reactive oxygen radicals, both directly and indirectly (Flores et al., 2013). In addition, methionine and its related derivatives protect the brain from the damaging effects of hypoxia (Burgess et al., 2020). Methionine is involved not only in one-carbon unit metabolism and methylation reactions but also in the synthesis and repair of various DNA strands and in the expression of genes, the regulation and stabilization of protein function and the processing of ribonucleic acids (Goulart et al., 2019), thereby enhancing pyrimidine metabolism. Methionine metabolism produces cysteine, which synthesizes glutathione, a key antioxidant molecule involved in protein translation (Elango, 2020). Therefore, the upregulation of cysteine and methionine metabolic pathways is the main complementary pathway providing raw material for glutathione synthesis in mammals, enhancing antioxidant action in vivo. In turn, arginine, similar to many antioxidants, enhances the body’s antioxidant capacity and improves systemic immune function (Mm et al., 2014). Nitric oxide (NO) produced by arginine metabolism has an important role in cardiovascular regulation. NO regulates blood flow, relaxes blood vessels and inhibits platelet aggregation, which facilitates recovery from stroke-related dysfunction (Conti et al., 2013). Arginine is a precursor to proline and creatine, as well as the amino acid with the largest nitrogen-donating capacity (Ge et al., 2020). The metabolism of proline produces electrons and reactive oxygen species, which cause a number of downstream effects, such as blocking the cell cycle, autophagy and apoptosis (Selen et al., 2015). Finally, when the onset of acute cerebral ischemia is followed by the inhibition of oxidative phosphorylation during rapid oxygen dissipation in brain tissue, a dramatic reduction in brain tissue ATP levels within only a few seconds leads to energy metabolic failure and apoptotic necrosis of neurons, allowing for the downregulation of starch and sucrose metabolism, which subsequently affects the body’s energy metabolism (Heiss, 2012). Furthermore, mitochondrial DNA encodes genes related to ATP synthesis, and downregulation of their expression results in a decrease in ATP production (Ji et al., 2018). Finally, tryptophan is an inhibitor of gluconeogenesis (Barik, 2020). The above multiple causes contribute to the downregulation of starch and sucrose metabolism.

In contrast, tryptophan and its metabolites are essential for the maintenance of neurological function, immunity and homeostasis in vivo, in addition to being the building blocks of protein synthesis. Tryptophan metabolites are implicated in the pathological processes of a variety of diseases, including immune responses, and exert different biological effects in the regulation of many diseases (Comai et al., 2019). Tryptophan metabolism is involved in the regulation of the GBA, and the gut flora can mediate the regulation of the kynurenine pathway by tryptophan through direct and indirect mechanisms (Kennedy et al., 2017). Tryptophan metabolites, including 5-hydroxytryptophan, kynurenine, tryptamine and indole compounds, have profound effects on the interactions between the gut microbiota and the GBA (Clarke et al., 2012; Rothhammer et al., 2016).

Tryptophan metabolism can be broadly divided into three pathways: (1) the kynurenine pathway, (2) the 5-hydroxytryptamine pathway, and (3) Indole pathway for gut flora (Tomberlin et al., 2016; Wang et al., 2017). Over 95% of total tryptophan in the host is oxidized to kynurenine via the kynurenine pathway (Cervenka et al., 2017). It is believed that the kynurenine pathway plays a crucial role in the regulation of neurotransmission and immune function. In its pathway production, increased inflammation or oxidative stress can activate the activity of rate-limiting enzymes associated with induction (Jiang et al., 2018). Meanwhile, microbial regulation of the kynurenine pathway is similarly regulated by inflammatory mediators and is immunoreactive (Kennedy et al., 2017). The kynurenine pathway is present in many tissues (mainly the liver, brain and gut) (Fernstrom, 2016). In addition, intestinal flora can directly utilize tryptophan, with 4–6% of tryptophan being metabolized by intestinal flora (Wang et al., 2019). Poststroke inflammation induces upregulation of the kynurenine pathway of tryptophan oxidation, leading to neuroprotection (kynurenine acid) and neurotoxic metabolites (quinolinic acid). Wang et al. (2017) used a metabolomics approach to examine the serum metabolic profile between acute ischemic stroke patients and controls and observed reduced tryptophan levels, again demonstrating enhanced tryptophan metabolism. Brouns et al. (2010) found that poststroke inflammation induced upregulation of the kynurenine pathway of tryptophan oxidation by measuring plasma tryptophan and its metabolite concentrations at admission, 24 h, 72 h and day 7 in 149 stroke patients，and has a neuroprotective effect on the organism. Therefore,tryptophan metabolism via the kynurenine pathway is associated with immunity and inflammation and that blocking the associated pathway may prevent inflammatory responses after stroke. Most central nervous system (CNS) kynurenine is of peripheral origin, and once in the CNS, it can also be involved in subsequent metabolism (Gheorghe et al., 2019). The kynurenine pathway produces kynurenine, which is further metabolized by two different pathways: neuroprotective quinolinic acid and kynurenine (Cervenka et al., 2017). These metabolites from the kynurenine pathway, known as “kynurenines,” not only act as mediators of inflammation but also cross the blood–brain barrier to reach the central nervous system. Kynurenines are therefore regarded as neuromodulators in numerous physiological and pathological processes of brain and gastrointestinal dysfunction (Kennedy et al., 2017). Not only that, studies have shown that the kynurenine pathway is more active in acute stroke patients. Darlington et al. (2007) demonstrated that acute stroke patients rapidly activate the kynurenine pathway. In contrast, blocking the kynurenine pathway was found to reduce infarct volume in animal models (Cozzi et al., 1999) 0.5-Hydroxytryptamine, also known as serotonin, and tryptophan, the only precursor of serotonin, are important for neurotransmission. Serotonin not only regulates the immune activity of the body but also serves as a critical neurotransmitter in the GBA (Agus et al., 2018) and is involved in a wide range of human physiological functions by activating specific serotonin receptors (Israelyan and Margolis, 2018). However, central serotonin accounts for only a small fraction of the body’s total serotonin. Over 90% of serotonin is located in the gastrointestinal tract (Fouquet et al., 2019). Melatonin is mainly produced by the catabolism of serotonin and is a free radical scavenger that has strong antioxidant and anti-inflammatory effects (Gunata et al., 2019; Zhao et al., 2019). The article by Lian et al. (2023) found that inducing melatonin production by the gut microbiota could promote gut homeostasis, improve gut barrier function, and ultimately reduce brain and gut damage, thereby preventing ischaemic stroke.

Finally, tryptophan can be metabolized into a variety of metabolizable indole derivatives, which are mainly produced by gut microbes and are part of the kynurenine pathway. As these indole metabolites are ligands for aromatic hydrocarbon receptors, they are considered to be important components of the immune response (Alexeev et al., 2018). Not only that, but these metabolites play an important role in maintaining gut homeostasis and systemic immunity, and may also influence disease development and progression (Su et al., 2022; Ye et al., 2022). Importantly, studies have shown that related indole derivatives can significantly reduce cellular oxidative stress, inflammation and neuronal apoptosis (Yin et al., 2023). Wei et al. (2021) found that indole derivatives produced by gut microbes can enhance neurogenesis in mice by promoting the differentiation of neural progenitor cells into neurons via aryl hydrocarbon receptors. Indole treatment also increased neurite outgrowth and synaptogenesis in mice.



5. Conclusion

In this study, we demonstrated that metabolomics is an experimental approach to explore metabolic pathways in poststroke rats after stroke and that differences in fecal metabolites in rats 14 days after stroke are most evident in the disruption of tryptophan metabolism. Therefore, future interventions to study the treatment of stroke could target the tryptophan pathway in the gut microbiome or promote the beneficial products of tryptophan metabolism as one of the targets of intervention.



6. Limitation

We need to study metabolic changes in the brain tissue of stroke rats in the future to further demonstrate the role of metabolism, such as tryptophan, in the development of stroke. Studies have shown known sex differences in tryptophan metabolism in healthy adults or rats, with females having higher tryptophan metabolism or tryptophan utilization than males (Leskanicova et al., 2020; Cai et al., 2021; Pais et al., 2023), which may limit the translation of our study. Finally, we will invest in further studies in the future to determine whether tryptophan metabolism in female rats versus patients in the clinical setting has the same results as noted in this study.
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Objective: To investigate the after-effects of 25-Hz repetitive transcranial magnetic stimulation (rTMS) at 60, 100, and 120% resting motor threshold (rMT) on long-term potentiation (LTP) in the rat hippocampus, to clarify the intensity dependence of rTMS, and to determine whether it simultaneously affects learning and memory ability.

Methods: Five rats were randomly selected from 70 male Wistar rats, and evoked rMT potentials were recorded in response to magnetic stimulation. The remaining 65 rats were randomly assigned to five groups (n = 13), including sham rTMS, 1 Hz 100% rMT, and 25 Hz rTMS groups with 3 subgroups of 60% rMT, 100% rMT, and 120% rMT. Five rats in each group were anesthetized and induced by a priming TMS-test design for population spike (PS) response of the perforant path-dentate gyrus in the hippocampus; the remaining eight rats in each group were evaluated for object recognition memory in the novel object recognition (NOR) task after the different rTMS protocols.

Results: Forty-five percent (approximately 1.03 T) of the magnetic stimulator output was confirmed as rMT in the biceps femoris muscle. The PS ratio was ranked as follows: 25 Hz 100% rMT (267.78 ± 25.71%) > sham rTMS (182 ± 9.4%) >1 Hz 100% rMT (102.69 ± 6.64%) > 25 Hz 120% rMT (98 ± 11.3%) > 25 Hz 60% rMT (36 ± 8.5%). Significant differences were observed between the groups, except for the difference between the 25 Hz 120% rMT and the 1 Hz 100% rMT groups (p = 0.446). LTP was successfully induced over the 60-min recording period only in the sham rTMS and 25 Hz 100% rMT groups. Moreover, these two groups spent more time exploring a novel object than a familiar object during the NOR task (p < 0.001), suggesting long-term recognition memory retention. In the between-group analysis of the discrimination index, the following ranking was observed: 25 Hz 100% rMT (0.812 ± 0.158) > sham rTMS (0.653 ± 0.111) > 25 Hz 120% rMT (0.583 ± 0.216) >1 Hz 100% rMT (0.581 ± 0.145) > 25 Hz 60% rMT (0.532 ± 0.220).

Conclusion: The after-effect of 25-Hz rTMS was dependent on stimulus intensity and provided an inverted (V-shaped) bidirectional modulation on hippocampal plasticity that involved two forms of metaplasticity. Furthermore, the effects on the recognition memory ability were positively correlated with those on LTP induction in the hippocampus in vivo.

KEYWORDS
 repetitive transcranial magnetic stimulation, intensity dependence, long-term potentiation, rat hippocampus, learning and memory, novel object recognition


1. Introduction

Transcranial magnetic stimulation (TMS), a non-invasive transcranial brain stimulation technique, has emerged as a promising treatment for affective disorders in humans, such as depression and hypomnesia (Muellbacher et al., 2000; Wang et al., 2018). High frequencies (>5 Hz) that facilitate cortical excitability and low frequencies (≤1 Hz) that inhibit it have been applied in clinical treatment (Maeda et al., 2000; Muellbacher et al., 2000). TMS applied at 5 Hz modulated hippocampal excitation with greater encoding-retrieval similarity effects on memory representations compared with 1 Hz TMS (Wang et al., 2018). A meta-analysis demonstrated that repetitive TMS (rTMS), especially at high frequency and stimulation intensity between 80 and 120% of resting motor threshold (rMT), can improve memory function by varying degrees in patients with mild cognitive impairment when it is applied over the dorsolateral prefrontal cortex, which has strong neural connections with the hippocampus (Zhang et al., 2021). However, another meta-analysis indicated the overall effect of rTMS was negligible and statistically nonsignificant on cognitive improvement including attention and working memory (He et al., 2022). It has been reported that the effect of rTMS varies considerably in terms of stimulation intensity. Previous studies that applied rTMS consisting of up to 20 stimuli at 5, 10, or 20 Hz found frequency-dependent inhibition of motor cortical excitability at an intensity equal to the rMT, whereas cortical inhibition gradually changed to excitation at the rMT superthreshold (Modugno et al., 2001), indicating that intensity and frequency parameters were crucial to determining the after-effect of the stimulus on synaptic efficacy. Moreover, the stimulus intensity in short trains reportedly had a greater after-effect on cortical excitability than the frequency (Gilio et al., 2007). However, few studies have examined how the after-effects of rTMS on the induction of neuronal plasticity and memory are influenced by the intensity of stimulation. Understanding the mechanism that underlies this effect is crucial for clinical efficacy, and many of the details are still unknown.

Long-term potentiation (LTP) is the long-lasting increase in synaptic efficacy resulting from high-frequency stimulation of afferent fibers (Nugent et al., 2008). LTP in the hippocampus is considered a reliable model of synaptic plasticity related to the learning and memory (Cohen et al., 1999; Cooke and Bliss, 2006). The rTMS protocol was adopted to assist in rehabilitation training for the cognitive improvement (Chou et al., 2020). Neurons stabilize their synaptic transmission and adapt their intrinsic excitability in response to their prior history of synaptic or cellular activity; this process is known as the homeostatic plasticity (Delvendahl and Muller, 2019). High frequency rTMS intervention has been proved to have advantages of some efficacy and high safety for the treatment of psychobehavioral abnormalities and cognitive decline in Alzheimer’s Disease patients (Koch et al., 2018; Jiang et al., 2022). How the after-effects of the rTMS protocol for inducing hippocampal excitability are influenced by the intensity of the stimulation is not fully understood.

To clarify this issue, the present study employed a priming-test design (Karabanov et al., 2015; Muller-Dahlhaus and Ziemann, 2015), which involved a “priming” rTMS protocol that triggers a homeostatic response, followed by a “test” intermittent theta-burst stimulation (iTBS) protocol that captures the homeostatic response. iTBS is particularly effective for promoting hippocampal LTP function because this stimulation rhythm should resonate with the endogenous theta-nested-gamma activity prominent in the hippocampus (Hermiller et al., 2020). Moreover, to verify whether the hippocampal LTP induced by rTMS at different intensities (60, 100, 120% rMT) simultaneously influenced learning and memory ability, a novel object recognition (NOR) test was performed (Kang et al., 2021). We hypothesized that a priming rTMS below the rMT threshold may inhibit the response to subsequent LTP-inducing iTBS, whereas a priming rTMS above the rMT threshold may increase this response instead. In addition, we tested the hypothesis that hippocampal LTP induction was associated with an effect on learning and memory ability. This study was conducted to provide some preliminary guidance for the selection of appropriate rTMS intensity for the enhancement of hippocampal LTP and to contribute some evidence supporting the use of rTMS as a treatment of memory loss in a clinical setting.



2. Materials and methods


2.1. Ethical approval

This study was approved by the Institutional Animal Care and Use Committee of the Faculty of Medicine, Xiamen University, China (approval no. SYXK(min)-2018–0009).



2.2. Animals and experimental protocols

Seventy male Wistar rats weighing approximately 230 ± 10 g (approximately 6 weeks old) were obtained from the National Animal Center, Guangzhou, ZhongShan University, China. The quality certificate number for the experimental animals was 44,008,500,008,720. All the animals were fed with suitable food provided by the animal feeding center, housed at a density of four individuals per cage in a temperature-controlled room (constant 23°C ± 1°C), and maintained at a light–dark cycle of 12:12 h (lights on at 6:00 AM).

One week after arrival, five rats were selected using the random number table method, and the evoked rMT potentials in the biceps femoris muscle were recorded by magnetic stimulation. The remaining 65 rats were randomly assigned to control (sham rTMS, n = 13), low-frequency rTMS stimulation (1 Hz 100% rMT, n = 13), and high-frequency rTMS stimulation (n = 39) groups; the high-frequency group was divided into three subgroups: low intensity (25 Hz 60% rMT, n = 13), medium intensity (25 Hz 100% rMT, n = 13), and high intensity (25 Hz 120% rMT, n = 13) groups. Five rats were anesthetized in each of the five groups, and TMS was used to measure the population spike (PS) response of the perforant path-dentate gyrus (PP-DG) in the hippocampus. The remaining eight rats in each group were subjected to the NOR task to evaluate memory performance. The tests and rTMS treatment was performed in the animal experimental center from 14:00 to 21:00. If one of the subjects died or failed to complete the experimental protocol, additional animals were incorporated into the corresponding experimental group.



2.3. Testing apparatus

The transcranial magnetic stimulator used in the experiment (Magstim, Rapid2, UK) is a conventional, air-cooled device, with an eight-shaped coil (inner diameter 40 mm, outer diameter 90 mm) and a maximum output strength of 2.3 T.


2.3.1. Electrophysiological testing equipment

Motor evoked potential (MEP) and PS were recorded using an electromyography machine (MedelecSynergy, Oxford Instruments, UK). A double-arm stereoscopic brain locator and flexible spindle craniotomy drill (Stoelting 51603, USA) were employed. Concentric bipolar electrodes were manufactured by A-M Systems (Carlsborg, WA, USA). An extracellular amplifier was applied to a single-channel recording with a filtering range of 0.1–10,000 Hz and a gain of 10 K (A-M Systems 1700, Sequim, WA, USA). The equipment comprised an analog-to-digital converter (Axon Digidata 1,440, Molecular Devices, USA), stimulation isolator (ISO-Flex, Israel), data logging and analysis software (Axon pClamp 10, Molecular Devices, USA), and urethane (ethyl carbamate, lot No. E21262, Jinyu Chemical Co., LTD., China).



2.3.2. Behavioral testing equipment

The NOR task was carried out in an open box (80 cm × 80 cm × 80 cm), which was composed of black non-reflective plastic plates with an overhead camera (SONY, HDR-CX405). Soda cans with similar shapes and different colors were used as identifiers A or B.




2.4. A priming-test design protocol


2.4.1. rMT measurement

Since determining the motor threshold in each individual rat is a stressful and invasive procedure, the five rats with the same age (approximately 6 weeks old) and weight (230 ± 10 g) were anesthetized intraperitoneally with 20% urethane (0.6 ml/100 g) and secured on a stereotaxic brain apparatus (Stoelting 51603, USA) to determine the rMT and exclude the possibility of any brain damage in the formal experiment. The height of the auricular and incisor rods was adjusted such that the anterior fontanelle and herringbone were in the same horizontal plane. EMG signals were recorded bilaterally using microelectrodes inserted in the biceps femoris muscle and connected to an electromyography system via a 6-pin male connector. A standard EMG pad was also connected to the tail to serve as the ground electrode. The “figure eight” coil was placed horizontally on the vertex of the rat’s head, with the center aligned with the midpoint between the rat’s ears. Using 60% TMS output intensity, the coil was gradually moved to determine the best “hotspot,” which was based on a stable MEP waveform recorded in the contralateral biceps femoris muscle. Output intensity was adjusted until the MEP peak did not increase, and this value was defined as the maximum MEP. Stimulation output was gradually reduced to 43–51% (average 45.6% ± 5.73%), and an MEP with amplitude ≥50 μV could be obtained three out of five times on the contralateral side at the maximum output intensity. In our study, 45% (approximately 1.03 T) of the magnetic stimulator output was confirmed as rMT, which ensures a relatively appropriate and reliable rMT intervention in each group.



2.4.2. Priming rTMS protocol followed by a test iTBS

The present study employed a priming-test design consisting of a “priming” rTMS protocol and a subsequent “test” protocol to investigate the intensity-dependent after-effects of 25-Hz repetitive TMS (rTMS) on LTP in the rat hippocampus. Our previous experiments showed that the stimulation of 100% rMT at 25 Hz for 5 s, with a 30-s intertrain interval, can affect the hippocampal field potential and the amplitude of LTP induced by the subsequent iTBS stimulation. Moreover, Ogiue-Ikeda et al. (2003) investigated the intensity-dependent effect of 25 Hz rTMS on LTP in the rat hippocampus, and Cao et al. (2022) found that 25 Hz rTMS could improve cognitive function of Alzheimer’s disease (AD) model mice. Hence, the stimulation frequency of 25 Hz was selected in the present study. The high-frequency rTMS groups received intensity stimulation at 25 Hz for 5 s, which consisted of five 1-s trains of 25 pulses with a 30-s intertrain interval. An intensity of 60–130% rMT was previously used for high-frequency rTMS (Ayache et al., 2012); thus, we defined three subgroups corresponding to three different levels: low intensity (60% rMT), medium intensity (100% rMT), and high intensity (120% rMT).

In general, low-frequency rTMS induces inhibition of synaptic efficiency. Therefore, the low-frequency rTMS group received continuous stimulation of 1 Hz at 100% intensity of rMT for 2 min (Gersner et al., 2011). It was beneficial to keep the amount of stimulus and time frame similar to that in the high-frequency stimulation groups. This method is beneficial for fixing the duration of stimuli while comparing different frequencies and intensities. The control group received sham TMS, which involved exposure to the same noise produced during the simulated stimulus but was treated with a sham coil without real stimulation.

Next, a “test” intermittent theta-burst stimulation (iTBS) protocol was employed to capture the homeostatic response, which consisted of six trains with 10-s intervals between each train containing six bursts at 5 Hz, and each burst containing three pulses at 400 Hz (Kouvaros and Papatheodoropoulos, 2016; Ostrovskaya et al., 2020). The “test” iTBS protocol was administered after the end of priming rTMS in each group.




2.5. Experimental schedule


2.5.1. Experiment 1: detection of the population spike and LTP in the hippocampal PP-DG in vivo


2.5.1.1. Placement of recording electrode

Five rats in each group were anesthetized with 20% urethane and placed in a stereotaxic apparatus. After routine disinfection, the skin and subcutaneous tissue of the rat’s head were cut open to expose the skull surface. The soft tissue on the skull surface was detached using hydrogen peroxide to completely expose the bregma and the herringbone seam. The brain stereo-position method was used as described by Bruel-Jungerman et al. (2006). A bipolar, 125-mm concentric stimulating electrode was placed in the PP (coordinates: 7.5 mm posterior to bregma, 4.2 mm lateral to the midline, depth of 3.5 mm). A glass micropipette recording electrode was lowered into the DG of the dorsal hippocampus (coordinates: 3.5 mm posterior to bregma, 2.0 mm lateral to the midline) until the maximal PS response was observed (depth: 3–4 mm) (Levkovitz et al., 1999).



2.5.1.2. PS of PP-DG in vivo

The optimal recording position for the PP-DG stimulus used the paired-pulse parameters to identify whether PS response was derived from the PP-DG in the hippocampus (McNaughton and Barnes, 1977). The stimulation intensity was adjusted (0–0.7 mA, 0.05-mA interval) to 100 μs of the biphasic pulse at an interval of 30 s for 10 min to record the input–output curve. The standard stimulus intensity of the test stimuli was sufficient to evoke approximately 50% of the maximum response of the PS amplitude. The characteristic response of hippocampal dentate gyrus (DG) granule cells to perforant path stimulation consists of a positive-going EPSP with a superimposed negative-going field PS. The PS amplitude was measured by averaging the distance from the negative to the positive peak. The baseline PS amplitude (PS0) represents the initial state of synaptic excitability (Niu et al., 2009), which was averaged from five successive PS responses with a 30-s interval between each stimulus pair for 20 min.



2.5.1.3. After-effects of the rTMS protocol on the LTP plasticity

A priming-test design, a “priming” rTMS protocol and “test” iTBS protocol, was employed to clarify the after-effects of the rTMS protocol for inducing hippocampal excitability. The rat’s head was fixed by hand, the center of the coil was aligned to the rat’s herringbone seam, and the handle was directed outwards in the direction of the longitudinal axis. The PS amplitude after different rTMS (PS1) and PS amplitude after iTBS (PS2) were recorded continuously for 30 min and 60 min (Figure 1A), with up to ten PS recordings taken at 30-s intervals for 5 min. The maximum and minimum PS were removed, and the mean PS amplitude during 5 min was averaged from five successive PS responses.

[image: Figure 1]

FIGURE 1
 (A-B) Experimental time-flow diagram. NOR, novel object recognition.


LTP was used to detect the synaptic plasticity response in the hippocampus. It was induced after stable baseline recording using iTBS, which was at 80% intensity of rMT stimulation and consisted of six trains with 10-s intervals between each train, containing six bursts at 5 Hz, and each burst containing three pulses at 400 Hz (Kouvaros and Papatheodoropoulos, 2016; Ostrovskaya et al., 2020).




2.5.2. Experiment 2: the effects of the rTMS protocol on NOR task

A priming-test design, a “priming” rTMS protocol and “test” NOR task, was adopted to explore the effects of the rTMS protocol on object recognition. The NOR task was designed by Ennaceur et al. in 1988 (Ennaceur and Delacour, 1988). Briefly, the NOR procedure consists of three phases: habituation, familiarization, and testing. The first week included the habituation phase: each animal was allowed to freely explore the open-field box without any object for 10 min. On the eighth day (familiarization phase), the subject was placed into the open-field arena facing away from two objects and allowed to explore them for 10 min. The exploration time was measured for each of the objects. After a delay of 2 h, the actual testing phase took place: each subject was allowed to explore two different objects (one of them identical to those presented during the familiarization phase, and the other one a novel object) for 10 min. The time spent exploring the novel and familiar objects was recorded by videotaping (Figure 1B).

The behavioral test was conducted in a quiet environment. Soda cans of different colors were chosen as stimuli owing to their appropriate height and weight, which prevented the subjects from climbing up on them or moving them (Pereira et al., 2014). The rats had never been exposed to these particular objects prior to the NOR task. Objects A or B could be randomly replaced during the familiarization phase, and their position could be randomly changed during the test phase (Figure 2). The box and the objects were cleaned with 75% ethanol after each test to eliminate potential odor cues. Exploration behavior was defined as the time spent sniffing with the nose or whiskers at a distance of less than 2 cm in front of the object or with the front paws touching the object. Turning around or sitting near the object was not considered exploration time. Subjects were excluded from the analyses if they failed to spend at least 1 s exploring each object during the test phase (Sanderson et al., 2011).
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FIGURE 2
 Novel object recognition test pattern diagrams.





2.6. Statistical analysis

The LTP amplitudes, representing the capacity for synaptic plasticity in the hippocampus, were calculated using the ratio of the mean PS amplitudes (Niu et al., 2009) for 60 min post-TBS (PS2) compared with the pre-tetanus baseline (PS0) and expressed as mean ± standard error of mean %. LTP induction was defined as a sustained amplitude response for more than 60 min that reached levels of 130% of the normalized baseline values (Mulder et al., 1997). The time spent exploring each of the two identical objects was designated as (a1) and (a2), and the total time (e1) spent exploring both objects during the familiarization phase was therefore e1 = a1 + a2. Side preferences were tested by comparing a1 and a2 within each group during the familiarization phase. The time spent exploring the familiar (A) and the novel object (B) during the test phase was used to calculate the total time exploring both objects during this phase (e2). Differences between the groups based on the total time spent exploring both objects during the familiarization and the testing phase were evaluated by estimating an index of habituation (h1) using the following formula: h1 = e1-e2. The preference for the novel object was calculated as a discrimination index, which was the ratio of the time spent exploring the novel object divided by the total time spent exploring during the testing phase (i.e., iB = novel/[novel + familiar] = B/e2) (Sanderson et al., 2011). Within-group comparisons were performed using paired Student’s t-test. Between-group comparisons were performed by one-way analysis of variance and post-hoc comparisons. Statistical significance was set at a value of p of <0.05. All statistical analyses were performed using SPSS 25.0 (IBM, Armonk, NY, USA).




3. Results


3.1. Experiment 1: effect of the rTMS protocol on iTBS-induced LTP in the hippocampal PP-DG

In the control group, in which sham rTMS was induced, the ratio of PS2 amplitude normalized to baseline PS1, namely the PS ratio, was 182% ± 9.4% at 60 min following TBS. The PS ratio was ranked as 25 Hz 100% rMT (267.78% ± 25.71%) > sham rTMS (182 ± 9.4%) > 1 Hz 100% rMT (102.69% ± 6.64%) > 25 Hz 120% rMT (98% ± 11.3%) > 25 Hz 60% rMT (36% ± 8.5%). Significant differences were observed among the groups [F(4,20) = 201.5, p < 0.001]. No significant difference was found between 25 Hz 120% rMT and 1 Hz 100% rMT (p = 0.446); other pairwise comparisons were statistically significant (p < 0.001). Only the sham rTMS group and 25 Hz 100% rMT group showed significant enhancement of the amplitude ratio by more than 130% of the baseline following 60 min of iTBS completion, demonstrating successful induction and maintenance of LTP during the 60-min recording period (see Figure 3).

[image: Figure 3]

FIGURE 3
 Effects of different repetitive transcranial magnetic stimulation protocols on long-term potentiation generation. “ns” represents “no significance” and the horizontal dashed line represents the level of 130% ratio.




3.2. Experiment 2: effect of the rTMS protocol on object recognition

During the familiarization phase, no significant side preference was noted in the sham rTMS (t = −1.967, p = 0.097), 1 Hz 100% rMT (t = −2.268, p = 0.073), 25 Hz 60% rMT (t = −1.107, p = 0.33), 25 Hz 100% rMT (t = −0.043, p = 0.967), or 25 Hz 120% rMT (t = 0.507, p = 0.627) groups. The time spent exploring the identical objects was comparable within each group (p > 0.05).

During the testing phase, the within-group analysis showed that more time was spent exploring the novel object than the familiar object in the sham rTMS (t = −3.441, p = 0.014) and 25 Hz 100% rMT (t = −6.009, p = 0.001) groups. In other words, the subjects spent less time exploring the familiar object than the novel object during the testing phase, indicating that rats in the sham rTMS and 25 Hz 100% rMT groups still retained long-term recognition memory for the familiar object 2 h after having been first exposed to it. No significant difference in exploration time between the familiar and novel object was observed in the 1 Hz 100% rMT (t = −1.544, p = 0.073), 25 Hz 60% rMT (t = −1.493, p = 0.21), and 25 Hz 120% rMT (t = −0.831, p = 0.433) groups during the test phase, revealing an impairment in recognition memory (see Figure 4).
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FIGURE 4
 Effect of transcranial magnetic stimulation protocols on time spent in exploring objects. (A) a1 and a2 represent familiar objects on the left and right sides, respectively. (B) A and B represented familiar and novel objects, respectively. *p < 0.05, **p < 0.01.


In terms of differences in the total exploration time between the familiarization and the testing phase, no significant differences in the habituation index were observed [F(4,29) = 0.534, p = 0.712]. The total time spent exploring the objects used as stimuli did not decrease from the familiarization phase to the test phase, suggesting that the rats were equally familiar with their surroundings in both phases and that their physical strength and motivation to explore were not affected by the experimental setup.

The discrimination index between the groups were significantly different [F(4,29) = 2.817, p = 0.043]. The discrimination index was ranked as 25 Hz 100% rMT (0.812 ± 0.158) > sham rTMS (0.653 ± 0.111) > 25 Hz 120% rMT (0.583 ± 0.216) > 1 Hz 100% rMT (0.581 ± 0.145) > 25 Hz 60% rMT (0.532 ± 0.220). In the between-group analysis, there were significant differences between the 25 Hz 100% rMT and the 25 Hz 120% rMT (p = 0.015), 25 Hz 60% rMT (p = 0.006), and 1 Hz 100% rMT groups (p = 0.03). There was no difference between sham rTMS and 25 Hz 100% rMT rats (p = 0.092). Only the exposure to 25 Hz 100% rMT could significantly enhance memory retention of the familiar object in our experimental subjects (see Figure 5). Furthermore, the discrimination index during the NOR testing phase was calculated as the ratio of the time spent exploring the novel object divided by the total time spent exploring and was found to have a moderate positive correlation (r = 0.457, p = 0.006), with PS ratio representing the capacity for synaptic plasticity in the hippocampus. Additionally, it was observed that rTMS-induced after-effects on both neurophysiologic and behavioral parameters had a similar trend, suggesting that the intensity-dependent effects of rTMS on LTP induction in the hippocampus were reflected in the performance of the behavioral task (see Figure 6).
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FIGURE 5
 Effect of transcranial magnetic stimulation protocols on the habituation index and discrimination index in exploring objects. (A) The habituation index represents the desire to explore objects. (B) The discrimination index represents the recognition memory of the familiar object. *p < 0.05, **p < 0.01.
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FIGURE 6
 Effect of transcranial magnetic stimulation protocols on the neurophysiologic and behavioral parameters. (A) Intensity-dependent effects of rTMS on LTP induction in the hippocampus. (B) Intensity-dependent effects of rTMS on the discrimination index of the novel object in the NOR task.





4. Discussion

We investigated the after-effects of several rTMS intensities on hippocampal plasticity. Our results revealed that 25 Hz rTMS at 100% rMT facilitated iTBS-induced LTP-like plasticity, whereas both 60% rMT and 120% rMT inhibited hippocampal excitability. This was consistent with the inhibitory effect of 1 Hz 100% rMT on the capacity of iTBS-induced LTP. Second, the PS ratio results from the electrophysiological examination were consistent with those of the discrimination index from the NOR test. Thus, we demonstrate here for the first time that high-frequency (25 Hz) rTMS can exert inverted (V-shaped) bidirectional modulation effects on hippocampal plasticity. High-frequency rTMS had a non-linear and intensity-dependent effect on hippocampal plasticity, involving the two forms of the metaplasticity mechanism. Furthermore, the after-effect of high-frequency rTMS with different intensity parameters on the memory recognition ability was positively correlated with those on LTP induction in the hippocampus in vivo.


4.1. After-effects of rTMS on induced LTP-like plasticity

Numerous studies have demonstrated that rTMS promote cortical excitation according to increasing stimulus intensity. For example, Huang and Rothwell found that MEPs were enhanced after 50 Hz rTMS over the human motor cortex at 70% or 80% active motor threshold (aMT), but not at 50% aMT (Huang and Rothwell, 2004). 3 Hz TMS at 75, 100, and 125% rMT was applied to the primary motor cortex non-linearly with increasing MEP amplitude to healthy volunteers; the rise in the MEP amplitude rate was greater for rMT above 100% (Fox et al., 2006). Both 2 Hz and 6 Hz stimulation at 70% aMT had no effect and that at 80% aMT reduced the magnitude of the MEPs; however, 90% aMT contributed to significant MEP facilitation in some participants and motor cortical excitability inhibition in others (Todd et al., 2006). However, our findings revealed that the application of a high-frequency (25 Hz) rTMS was characterized by an inverted (V-shaped) bidirectional modulation effect on hippocampal plasticity. This resulted in a greater PS ratio (LTP induction) in the 100% rMT (267.78 ± 25.71%) group than those from the 60% rMT (36 ± 8.5%) and 120% rMT (98 ± 11.3%) groups. In contrast with the findings of Todd et al. (2006), in which high-frequency stimulation (at intensities above 90% aMT) partly favored excitatory effects and those below 90% aMT had completely inhibitory effects, we found that high-frequency stimulation at 60% rMT was associated with inhibitory effects. Moreover, we found that high intensity of rTMS was not always associated with excitation: 100% rMT was facilitatory, but 120% rMT had inhibitory effects. Furthermore, we discovered the PS ratio to be greater in the 1 Hz 100% rMT (102.69 ± 6.64%) group than those in the 25 Hz 60 and 120% rMT groups, although this was not sufficient to induce LTP plasticity. Hippocampal excitability is therefore seemingly inconsistent with what has been described in the cortex, where low-frequency rTMS (<1 Hz) decreases and higher-frequency rTMS (>5 Hz) increases cortical excitability.

Hence, our viewpoint stresses that the modulation of rTMS on LTP in the rat hippocampus is based on the appropriate stimulus intensity but is not necessarily proportional to the intensity or the frequency of the excitation. Ogiue-Ikeda et al. (Ogiue-Ikeda et al., 2003) had previously found that LTP in the rat hippocampus was enhanced at 0.75-T intensity (rTMS parameters: 10 1-s trains of 25 pulses with a 1-s intertrain interval) but suppressed by 1.25-T intensity, with no change observed at 0.5-T and 1.0-T. The overall conclusion that can be drawn from both studies is that high-frequency rTMS does not induce a linear increase in LTP with the increase in output intensity but is instead characterized by a V-shaped bidirectional modulation of LTP plasticity.



4.2. Association between LTP and memory recognition

NOR memory is hippocampus-dependent (Zhang et al., 2021). The behavioral results related to the NOR test were consistent with the neurophysiology results in this study. Recognition memory was reflected by the discrimination indexes of each experimental group. In Figure 5, the discrimination index ranking according to the rTMS level was as follows: 25 Hz 100% rMT > sham rTMS >25 Hz 120% rMT > 1 Hz 100% rMT > 25 Hz 60% rMT. In Figure 3, the ranking for the LTP ratios was, in turn, 25 Hz 100% rMT > sham rTMS >1 Hz 100% rMT > 25 Hz 120% rMT > 25 Hz 60% rMT. No between-group differences were observed between the 1 Hz 100% rMT and 25 Hz 120% rMT groups. As depicted in Figure 6, the aftereffects of rTMS on neurophysiological and behavioral parameters exhibited a similar trend, indicating that the intensity-dependent effects of rTMS on hippocampal LTP are reflected in the recognition memory performance of the NOR task.

Hippocampal LTP has been considered to represent a synaptic model of memory, associated with some specific forms of behavioral learning (Bliss and Collingridge, 1993). Numerous studies have demonstrated the association of LTP with learning and memory in animals. The earliest landmark studies from 1979 which applied a multi-session high-frequency stimulation protocol to induce LTP in vivo in the rat DG, found that aged individuals exhibited lower LTP magnitudes along with slower spatial memory acquisition and accelerated forgetfulness. Furthermore, the LTP magnitude correlated with the task performance in both young and aged rats (Barnes, 1979; Barnes and McNaughton, 1985). Since then, the correlation between the LTP characteristics and memory performance has been widely explored. Rat exposure to environmental levels of lead resulted in learning and memory impairment closely associated with a decrease in LTP induction ability (Lasley et al., 1993; Gilbert et al., 1996). The amplitude of LTP induction was significantly higher in rats with better learning ability than in controls (Wang et al., 2007). Some studies found that Wistar rats with stable LTP during recordings of 180 min following TBS showed increased novel object exploration time, suggesting that LTP maintenance is associated with long-term memory retention (Guimaraes et al., 2018). Proechimys rats showed increased LTP induction but not maintenance, with the potentiation decaying over time and reaching basal levels 90 min after TBS. These rats spent a similar amount of time exploring familiar and novel objects, suggesting long-lasting memory impairment in addition to the LTP decay (Guimaraes et al., 2018). In the present study, we found sham rTMS and 25 Hz 100% rMT induced higher LTP (>130% of baseline) for 60 min following iTBS, and the subjects retained the memory of familiar objects for a longer period, which supports the LTP-memory hypothesis that enhanced and suppressed LTP correlated with better and impaired learning and memory capacity, respectively (Dringenberg, 2020).

Similarly, the association between LTP and memory recognition was found in the in vivo demonstration of synaptic impairment in AD patients. Positron emission tomography of synaptic vesicle glycoprotein 2A has revealed a widespread synaptic loss in the brains of AD patients, demonstrating that alteration of the LTP mechanism is associated with memory impairment (Francesco and Koch, 2021). The investigation of rTMS stimulation parameters in rats has important implications for improving synaptic function. For instance, 25 Hz 100% rMT facilitated LTP induction and maintenance, which may be an effective therapeutic approach to counteract cognitive impairment in pathology. Therefore, it is necessary to identify potential therapeutic targets by investigating detailed rTMS stimulation parameters, including frequency and density, in future human research.



4.3. Intensity dependence of the rTMS after-effect on LTP and memory

rTMS protocols vary greatly in the frequency and intensity of stimulation. Overall, studies suggest a facilitatory effect of high-frequency rTMS (i.e., ≥5 Hz) and an inhibitory effect of low-frequency rTMS (≤1 Hz) (Chen et al., 1997; Fitzgerald et al., 2006). We observed that the modulatory effect of high-frequency (25 Hz) rTMS on iTBS-induced LTP-like plasticity was bidirectional, being facilitatory in the case of 25 Hz 100% rMT, and inhibitory in cases of 25 Hz 60 and 120% rMT. On the other hand, 1 Hz 100%, 25 Hz 60, and 120% rMT inhibited LTP induction and aggravated memory impairment in the hippocampal PP-DG, whereas 25 Hz 100% rMT promoted LTP plasticity and enhanced the object recognition ability in our subjects.

Metaplasticity is a higher-order form of synaptic plasticity referring to the synaptic activity that primes the ability to induce subsequent synaptic LTP- or long-term depression (LTD)-like plasticity (Karabanov et al., 2015). According to the Bienenstock, Cooper and Munro (BCM) theory (Jedlicka, 2002), the change in the excitability of synapses would inevitably affect the threshold of synaptic plasticity, which is specifically manifested in two different regulation modes. The greater improvement of memory observed in response to the 25 Hz 100% rMT protocol in the present study was consistent with the results of a previous study in which high-frequency rTMS modulated corticomotor inhibition and enhanced the effect of treadmill training in the motor learning (Yang et al., 2013). Form plasticity of gating mechanisms (Ziemann and Siebner, 2008) may be suitable for the interpretation of excitatory priming rTMS and may increase the response to subsequent iTBS-induced LTP-like plasticity, which may provide an effective means to induce transient disinhibition or depolarization and boost recognition memory. Furthermore, gating is another mechanism of metaplasticity wherein the priming intervention does not have a homeostatic effect on the subsequent stimulus/training (Karabanov et al., 2015). Similarly, we observed no significant increased effect of 25 Hz 60% rMT on LTP-like plasticity response to subsequent facilitatory iTBS, with memory recognition impairment. This could be attributed to a strong inhibitory effect resulting from high-frequency and low-intensity TMS pulses (Arai et al., 2009). Thus, inhibitory priming rTMS would inhibit the response to subsequent facilitatory iTBS (Todd et al., 2009).

Interestingly, the fact that 25 Hz 120% rMT had an inhibitory effect on iTBS-induced LTP-like plasticity was unexpected. Also, we observed that the in 25 Hz 120% rMT group the discrimination index was low in the NOR task, indicating impaired recognition memory. It has been well-established that synaptic modifications can be reversed by subsequent stimuli, as demonstrated by the reversal of hippocampal LTP in rats upon entry into a novel environment (Zhou and Poo, 2004). We speculated the phenomenon is consistent with the compensatory change in homeostatic plasticity theory, which suggests that facilitatory priming TMS may weaken or reverse the effect of subsequent facilitatory test/intervention measures. This has also been described in another study that demonstrated a reversal in the homeostatic excitability effect using the same consecutively applied non-invasive transcranial brain stimulation protocol (Muller et al., 2007). The previous fundamental studies revealed that the form of homeostatic plasticity emphasized maintaining stabilized neural activity in a meaningful physiological range (Karabanov et al., 2015) to avoid LTP saturation (Moser et al., 1998). Hence, the increase in LTP amplitude was limited, and memory retention declined based on the LTP that correlated with common neural memory mechanisms in the hippocampus, which often required the activation of N-methyl D-aspartate receptors and their intracellular signaling (Roman et al., 1999). Considered a reference of moderate LTP amplitude induced by only iTBS in sham rTMS, increased LTP was induced if primed by 25 Hz 100% rMT but LTP decreased if primed by 25 Hz 60 and 120% rMT, and even 1 Hz 100% rMT. However, the reason for the LTP amplitude of 25 Hz 120% rMT showing no difference from that of 1 Hz 100% rMT, all of which surpassed the 25 Hz 60%, remains unclear.

In summary, the results of this study indicate that the priming protocol characteristics (i.e., intensity and frequency) are critically important for the induction of metaplasticity. We speculate that metaplasticity ensures a safe threshold zone. In cases in which gating plasticity plays a positive regulatory role in excitatory priming rTMS, it would facilitate the response to the subsequent protocol. If the ceiling or floor for homeostatic plasticity is exceeded, the metaplasticity would then provide negative feedback on the inhibitory or facilitatory priming rTMS, weakening or reversing the effect of the subsequent inhibitory or facilitatory protocol to guarantee normal synaptic activity.



4.4. Limitations

First, only the intensities of 60, 100, and 120% rMT were used in this study to investigate the effect of 25-Hz high-frequency rTMS stimulus. An intensity range of 60–130% rMT is the most commonly used parameter for high-frequency rTMS in a previous report (Ayache et al., 2012); however, due to time and expense constraints, 60, 100, and 120% rMT were selected as they are clinical commonly used parameters. Fixed parameters of rTMS stimulation frequency and intensity and varying stimulation time also have been tested and will be described in other articles. Second, the study design did not allow us to explore which specific mechanism was involved in the effect we describe. The use of specific antagonists or knockout models for saturating/occluding LTP might provide additional insight into the molecular mechanisms underlying the impaired learning and task acquisition reported. In addition, the exploration index correlated with the amplitude of LTP induction, but there was no significant difference between each of the experimental groups and the group receiving sham TMS. This could be because we only selected a 2-h interval for the NOR test. Ennaceur and Delacour (1988) and Ennaceur and Meliani (1992) found that dose-dependent changes in piracetam-induced changes in memory ability only became evident after longer intervals. Rogel-Salazar et al. (2013) observed that the recognition indexes in rats that had received transcranial focal stimulation were different according to the delay in the evaluation of short- and long-term memory. Thus, we cannot exclude the possibility that the difference between the experimental groups could have been significant if the interval between the familiarization and the testing phases had been extended. Although limited by its design, this trial may contribute another perspective on the application of rTMS for the treatment of memory impairment.

Furthermore, it is important to note that direct stimulation of the hippocampus is not possible in humans, unlike in animal models. However, the cerebellum and dorsolateral prefrontal cortex (DLPFC) have been identified as potential brain areas that are interconnected with the hippocampus, especially in patients with AD (Di Lorenzo et al., 2020; Yao et al., 2022). In addition, the stimulus sequence of the rTMS parameter on plasticity was related to spike-timing-dependent plasticity (STDP) in patients investigating the connections between the cortico-cortical cortex. In particular, STDP was altered in AD patients and this might represent a critical event in memory impairment (Di Lorenzo et al., 2018). Therefore, future animal model studies about the after-effect of rTMS parameters on LTP and memory should be conducted on the same regions that are stimulated in humans. This could help facilitate the development of new potential therapeutic strategies to modulate neural activity in patients with cognitive impairment.
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Repetitive transcranial magnetic stimulation (TMS) is widely used in neuroscience and clinical settings to modulate human cortical activity. The effects of TMS on neural activity depend on the excitability of specific neural populations at the time of stimulation. Accordingly, the brain state at the time of stimulation may influence the persistent effects of repetitive TMS on distal brain activity and associated behaviors. We applied intermittent theta burst stimulation (iTBS) to a region in the posterior parietal cortex (PPC) associated with grasp control to evaluate the interaction between stimulation and brain state. Across two experiments, we demonstrate the immediate responses of motor cortex activity and motor performance to state-dependent parietal stimulation. We randomly assigned 72 healthy adult participants to one of three TMS intervention groups, followed by electrophysiological measures with TMS and behavioral measures. Participants in the first group received iTBS to PPC while performing a grasping task concurrently. Participants in the second group received iTBS to PPC while in a task-free, resting state. A third group of participants received iTBS to a parietal region outside the cortical grasping network while performing a grasping task concurrently. We compared changes in motor cortical excitability and motor performance in the three stimulation groups within an hour of each intervention. We found that parietal stimulation during a behavioral manipulation that activates the cortical grasping network increased downstream motor cortical excitability and improved motor performance relative to stimulation during rest. We conclude that constraining the brain state with a behavioral task during brain stimulation has the potential to optimize plasticity induction in cortical circuit mechanisms that mediate movement processes.
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Highlights




• Controlling the brain state during TMS with a grasping task improves motor performance.

• Brain-state-dependent parietal TMS induces immediate changes in the motor cortex.

• Brain-state-dependent TMS can enhance the impact of neuromodulation on motor function.



Introduction

Goal-directed hand actions, such as grasping for objects, are integral to human behavior. Performing such behaviors activates a widespread network of cortical areas, including the prefrontal cortex, premotor cortex, and posterior parietal cortex (PPC; Grafton, 2010; Davare et al., 2011; Turella and Lingnau, 2014; Fattori et al., 2015; Gallivan and Culham, 2015). The primary motor cortex (M1) plays an essential role in motor control and is part of a more extensive parietal–frontal network involved in many aspects of movement planning and decision-making (Kalaska et al., 1997; Andersen and Cui, 2009; Cisek and Kalaska, 2010; Crawford et al., 2011; Vesia and Crawford, 2012). Neural inputs from PPC to motor areas in the frontal lobe are generally thought to mediate motor commands for hand movements (Grafton, 2010; Turella and Lingnau, 2014; Fattori et al., 2015; Gallivan et al., 2018). Current evidence from functional cortico-cortical connectivity measures derived from dual-site transcranial magnetic stimulation (dsTMS) indicates that inputs from PPC exert a facilitatory influence on motor output during the preparation and execution of hand-movement planning, suggesting a functional parietal-motor connection that controls hand muscles (Koch et al., 2007, 2008, 2010; Koch and Rothwell, 2009; Davare et al., 2010; Ziluk et al., 2010; Vesia and Davare, 2011; Karabanov et al., 2013; Vesia et al., 2013, 2017; Koch, 2020). The plasticity of M1 associated with voluntary movements and motor-skill learning also appears to be influenced by distributed activity in functionally related brain areas in the motor network (Sanes and Donoghue, 2000; Hardwick et al., 2013; Buch et al., 2017). However, it is unclear if other brain areas, such as PPC, can modulate this motor plasticity.

Repetitive transcranial magnetic stimulation (rTMS) can induce plastic changes in the brain (Hallett, 2007). For instance, intermittent theta burst stimulation (iTBS), a form of rTMS, can produce durable increases in motor cortical excitability for a period that outlasts the stimulation when applied to M1 (Huang et al., 2005; Suppa et al., 2016). The mechanisms of these changes are caused by processes analogous to long-term potentiation (LTP) that are also seen with skill learning (Capocchi et al., 1992; Bear and Malenka, 1994; Berardelli et al., 1998). This stimulation can directly modify neural activity at the locus of stimulation, as well as the activity of interconnected and functionally coupled brain areas (Siebner et al., 2009b). These persistent effects on neural activity are primarily thought to be constrained within the functional network of the targeted region (Fox et al., 2012). Therefore, it is unsurprising that rTMS can be particularly effective for treatment-induced behavior improvements when applied to functional brain networks (Raffin and Siebner, 2014; Silasi and Murphy, 2014; Fox, 2018; Horn and Fox, 2020). Yet, the persisting effects of rTMS on enduring motor cortical excitability and behavioral outcomes are highly variable and poorly understood (Ziemann and Siebner, 2015).

The variability of rTMS-induced effects on brain and behavior responses can be partly explained by variations in ongoing activity levels of functionally specific neural populations and pathways at the time of stimulation (Silvanto et al., 2008; Romei et al., 2016; Bergmann, 2018). For example, recordings in the visual cortex indicate that the post-stimulation response depends on pre-stimulation activity levels (Pasley et al., 2009). Similarly, pairing rTMS with visual stimuli has shown a direction-selective plasticity induction in the visual system that biases subsequent behavioral responses for a particular motion direction (Chiappini et al., 2018). Therefore, the functional context of neural activity during stimulation appears necessary for targeting brain networks associated with specific functions.

Although we and others have shown that the PPC and associated parietal–frontal circuits of the motor planning network are essential for skilled grasp control (Davare et al., 2010, 2011; Grafton, 2010; Vesia and Crawford, 2012; Turella and Lingnau, 2014; Fattori et al., 2015; Gallivan and Culham, 2015; Vesia et al., 2017), the notion that the functional context of brain activity during PPC stimulation can modulate interactions with functionally connected motor regions to alter plasticity associated with motor control has not been directly tested. We utilized a novel approach that combines an object-driven grasp task, which selectively activates the motor control network, with iTBS to PPC. In the pilot study (Experiment 1), we investigated the immediate effects of state-dependent stimulation on electrophysiological and behavioral responses. Experiment 2 replicated the findings from the pilot study with a larger sample size and additional stimulation sessions. We predicted that applying parietal iTBS while constraining the brain state via a grasping task will be more likely to increase motor cortical excitability than an application of the same stimulation protocol during rest. We also predicted that motor performance improvement would be greater after parietal iTBS during grasp performance compared to parietal iTBS at rest.



Materials and methods


Participants

We conducted two experiments involving 72 healthy, right-handed participants (Oldfield, 1971). In Experiment 1 (pilot study), we studied 24 adult participants (13 females and 11 males aged between 18 and 30). For our second experiment, we recruited 48 participants (32 females and 16 males, 18–50 years) and assigned 16 participants to each group. The sample size was determined based on prior research (Fiori et al., 2018), considering a motor performance effect size of 0.11, a desired power of 0.8, a significance level (α) of 0.05, and an estimated dropout rate of 10%. All participants provided written informed consent and underwent a TMS Adult Safety Screen to assess the potential risk of adverse reactions to TMS (Keel et al., 2001; Rossi et al., 2011). The Institutional Review Board at the University of Michigan (IRB#: HUM00157197 and HUM00186637) approved experimental procedures in accordance with the Declaration of Helsinki.



Electromyographic recordings

Electromyography (EMG) activity of the right hand was recorded from the first dorsal interosseous and abductor pollicis brevis muscles using surface electrodes (Ag-AgCl, 9-mm diameter). The active electrode was placed over the muscle belly, and the reference electrode over the metacarpophalangeal joint of the finger. Signals were amplified (×1000), band pass filtered (20 Hz–2.5 kHz; Intronix Technologies Corporation, Model 2024F), digitized at 5 kHz using a Micro 1,401 data acquisition interface controlled by Signal Software version 7 (Cambridge Electronic Design Ltd.), and stored on a computer for off-line analysis.



Transcranial magnetic stimulation

Monophasic pulses were delivered from two separate Magstim model 2002 stimulators (Magstim) through a D702 (loop diameter, 70 mm) or D50 Alpha B.I. (loop diameter, 50 mm) figure-8 coil. First, motor-evoked potentials (MEPs) in the targeted relaxed right-hand muscle were elicited by delivering single-pulse TMS (spTMS) over the hand area of the left primary motor cortex (M1). The TMS coil was placed tangential to the scalp and at a 45° angle from the midsagittal line. The placement of the TMS coil was adjusted to the location where TMS produced the largest MEP from the targeted right-hand muscles. Next, the TMS coil’s position was marked and registered using a standard MRI template with a frameless stereotactic neuronavigation system (Brainsight 2, Rogue Research Inc.). The resting motor threshold (RMT) was determined by the minimum stimulator output needed to obtain MEP amplitudes of at least 50 μV in five of ten TMS pulses with the D50 Alpha B.I. coil when the muscle was completely relaxed (Rossini et al., 1994, 2015; Groppa et al., 2012). The intensity of the D702 coil was adjusted to induce MEP amplitudes of about 1 mV in at least five out of ten trials in the relaxed targeted right-hand muscle.



Stimulation target identification

We used a function-based search-grid dsTMS technique to establish individualized left PPC locations for Experiment 1. This method uses a “hunting procedure” to target personalized functional interactions in the cortical grasping network. First, the left parietal stimulation target was selected as the P3 (left PPC) electrode position on the 10–20 electroencephalogram (EEG) coordinate system (Herwig et al., 2004; Okamoto et al., 2004) using commercially available 10–20 EEG stretch caps (g.GAMMAcap, g.tec Medical Engineering) in each participant. The P3 electrode location has been previously shown to target the inferior parietal lobule (Vesia et al., 2006, 2008, 2010, 2015). A square, 3 × 3 search grid, with positions separated by 1 cm, centered on the P3 target, was created using Brainsight (Figure 1A). A dsTMS approach with two coils was then used to identify participant-specific stimulation locations in the left PPC where parietal stimulation effectively exerts grasp-specific facilitation on M1 during an object-directed grasp task. This dsTMS technique provides a means for assessing how the behavioral context modulates the strength of interaction between PPC and M1 when the grasp-task demand recruits the parietal-motor circuit (Koch and Rothwell, 2009; Vesia and Davare, 2011; Vesia et al., 2013, 2017; Bestmann et al., 2015; Lafleur et al., 2016; Hallett et al., 2017; Goldenkoff et al., 2020). Specifically, we adopted a paradigm used previously by our group to activate the PPC-M1 circuit early in the motor plan for grasp movements (Vesia et al., 2013, 2017). Participants made one of two object-directed grasp movements to a target object with the right hand (Figure 1B). The target object was a small cylinder (2.5 cm diameter, 6.5 cm height) fixed atop a larger cylinder (7 cm diameter, 6.5 cm height), located 30 cm in front and 10 cm to the right of the starting hand position. Participants maintained visual fixation on two central LEDs in the midline for 2 s. Participants were instructed to grasp: (1) the top cylinder with a precision grip when the top LED flashed or (2) the bottom cylinder with a whole-hand grasp when the bottom LED flashed. To probe causal connectivity between the PPC and M1 in the left hemisphere, a conditioning stimulus (CS) over each PPC target in the grid was applied before delivering a test stimulus (TS) to ipsilateral M1 during reaction time (i.e., action plan phase) of the object-directed grasp such that the MEP recordings were collected before actual movement initiation (Vesia et al., 2017). TS intensity was adjusted to induce MEP amplitudes of about 1 mV. CS preceded TS by an interstimulus interval (ISI) of 5 ms at a stimulation intensity of 90% RMT (Koch et al., 2008; Vesia et al., 2013, 2017). Approximately ten TS and CS-TS were administered randomly at each grid position. The optimal scalp position for coil placement over the left PPC was defined as the point on the grid where CS elicited the largest MEP exceeding 1.2 mV from the contralateral hand muscle of the right (response) hand in three of five consecutive trials (Oliver et al., 2009; Karabanov et al., 2013). Brainsight was used to accurately place both coils throughout the localization of the parietal stimulation target. The stimulation location for the control condition was set at the Pz electrode position, which is not part of the parietal-motor circuit responsible for grasping. The parietal rTMS location on the grid was recorded and reported in Figure 2A.
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FIGURE 1
 Procedure for identifying individualized left parietal stimulation locations. (A) The P3 electrode location was marked for each participant using the 10–20 EEG system. A 3 × 3 square search grid, with each point separated by 1 cm, was centered around P3 using Brainsight stereotactic software. The Pz electrode position was used as the stimulation location for the control condition. (B) During the functional localization protocol, each grid location over the parietal cortex was assessed for its maximum facilitatory effect on the primary motor cortex (M1). To identify the participant-specific location in PPC where stimulation induced the greatest facilitation in motor-evoked potential (MEP) amplitude, a dual-site, paired-pulse TMS (dsTMS) paradigm was employed using two coils. During dsTMS, participants performed an object-directed grasp task, and dsTMS was applied 300 ms after the movement cue (LED flash) occurred, coinciding with the planning phase of movement. Electromyography (EMG) was used to measure changes in MEP amplitude during the planning phase of the movement. The conditioning pulse intensity over PPC was 90% of the resting motor threshold (RMT), and the test pulse intensity over M1 was adjusted to induce an MEP of ~1 mV in the target hand muscle. The interstimulus interval (ISI) between the conditioning and test pulse was set at 5 ms. Approximately ten dsTMS pairs were delivered at each search grid location, and the location that induced the largest MEP response in three of five consecutive trials was selected as the PPC rTMS location.
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FIGURE 2
 (A) Heat map indicating the search grid spot that was selected for the participants in the iTBS-PPC + Grasp and iTBS-PPC + Rest groups in Experiment 1. (B) In Experiment 2, structural fMRI was used to identify individualized left parietal stimulation locations for both iTBS-PPC + Grasp and iTBS-PPC + Rest groups. For the iTBS-CTRL + Grasp group, a non-correlated region was selected as the stimulation location. The stimulation locations for each participant are indicated on a standard brain, and MNI coordinates (mean ± SD) are shown for each group. (C) The electric field induced by transcranial magnetic stimulation (TMS) for one participant from each group is shown.


In our second experiment, the site for PPC stimulation and the cortical control stimulation locations were identified using structural MRI data on each participant. MRI data were acquired using a 3 T GE scanner (MR 750) with a 32-channel head coil. T1-weighted structural images were obtained for anatomical localization. To locate the individualized left parietal stimulation target, we generated a region of interest mask based on the superior medial parietal regions ‘L_LIPv, L_7PC’ using the MNI projection of the HCP-MMP1 atlas (Glasser et al., 2016). We chose a point within the anatomical mask that overlapped the center of a gyrus. We identified a target in the left visual cortex for the control stimulation group based on anatomical criteria. Notably, the visual cortical region is outside the grasping network. We determined the cortical location reached by the stimulation in each participant by projecting the coil location on the scalp onto their individual MRI using Brainsight. The resulting coordinates were reported in MNI space (Figure 2B). To visualize the data, SimNIBS 4.0 was used to estimate the TMS-induced electric fields (Thielscher et al., 2015; Figure 2C).



Theta burst stimulation

Intermittent theta burst stimulation (iTBS) to the left cortical targets was administered using a MagPro X100 with MagOption (MagVenture Inc.) and a statically cooled figure-8 coil (MCF-B70). iTBS consisted of three pulses at a frequency of 50 Hz every 200 ms for 2 s and repeated every 10 s for a total of 190 s (600 pulses; Huang et al., 2005). The conventional approach for individualizing iTBS intensity is based on the motor threshold response, which uses an intensity of 80% of the active motor threshold (AMT; Huang et al., 2005). AMT was defined as the lowest intensity required for eliciting MEP of 200 μV in five of ten consecutive trials during a 20% maximum voluntary contraction of the muscle in the right hand with the MCF-B70 coil using biphasic pulses (Huang et al., 2005). We assessed AMT for each participant to compare our stimulation intensity with previous studies that utilized the conventional approach and ensure that our stimulation intensity adhered to safety guidelines (Oberman et al., 2011; Rossi et al., 2021).

The pilot study (Experiment 1) delivered iTBS at a fixed percentage of maximum stimulator output (% MSO) of 40% to decrease the inter-individual difference in stimulation-induced effects (Vesia et al., 2010). This methodological adjustment is based on evidence demonstrating that motor threshold does not adequately characterize the underlying physiology of non-motor areas of the brain (Stewart et al., 2001; Stokes et al., 2005; Khammash et al., 2020). For Experiment 2, we administered iTBS using a personalized stimulation intensity based on the individual participant’s functional neuroanatomy. This personalized approach adjusted AMT according to the distances between the scalp and the underlying cortex (for details, see Stokes et al., 2005). The stimulation intensity was then set at 80% of the adjusted AMT for each participant (iTBSPPC + Grasp: 37.4 ± 3.2; iTBSPPC + Rest: 36.7 ± 2.7; iTBSControl + Grasp: 37.4 ± 3.2).



Assessment of motor cortical excitability

Long-term potentiation-like plasticity in M1 was assessed by quantifying the changes in the level of motor cortical excitability with the different stimulation protocols (Chen and Udupa, 2009). A fixed percentage of maximum stimulator output was used to elicit MEPs of about 1 mV peak-to-peak amplitude using spTMS with the D702 coil before iTBS to PPC. Twenty-four MEPs were recorded at every assessment time point before and after (Experiment 1: 0, 15, 30, 45, and 60 min; Experiment 2: 30 and 60 min) each intervention with the 1 mV TMS intensity determined before each intervention. Stimuli were applied every 5 s.



Assessment of motor performance

Motor performance was assessed by examining changes in the speed to complete a widely used nine-hole pegboard manual dexterity test. The pegboard task requires dexterous control of complex movements such as multi-digit grasping and manipulating small objects (Mathiowetz et al., 1985; Grice et al., 2003; Bunday and Perez, 2012; Fiori et al., 2018). Performance of the pegboard task engages parietal–frontal brain areas in the cortical grasping network subserving sensorimotor functions (Davare et al., 2011; Bunday and Perez, 2012; Fiori et al., 2018). Participants were seated in front of a table with the start position of the right hand positioned 10 cm from the pegboard apparatus. Behavioral performance on the pegboard task was evaluated by measuring the time to complete the task using a stopwatch every time before and after (30 and 60 min) the intervention.

A choice-reaction visuomotor task (CRT) was used as a control task to assess visuomotor function because it does not involve dexterous shaping and manipulating objects by the hand as required by the pegboard task (Fiori et al., 2018). Therefore, CRT is thought to be less associated with the PPC-to-M1 neural pathway. Participants were seated in front of a monitor and viewed stimuli (central number cue: ‘1’ or ‘2’) from 30 cm. Participants were instructed to respond by pressing the ‘1’ or ‘2’ key on the keyboard with the right index or middle finger. Participants were instructed to perform the task as quickly and as accurately as possible. Participants performed 40 trials at every time point before and after (30 and 60 min) the intervention. Visual stimuli were presented, and the mean reaction time (RT) of hand responses was recorded using PsychoPy (version 2021.2.3; Peirce et al., 2019). RT was defined as the interval between the visual number cue and the correct key button response. Before each experimental session, participants were familiarized with the pegboard and CRT tasks during a short training period with an instructional video1 followed by a practice block.



Experimental design

Our study randomly assigned participants to one of three rTMS intervention groups, followed by electrophysiological measures with TMS and behavioral measures (Figure 3A). Participants in the first group received iTBS to the PPC while concurrently performing a grasping task (iTBSPPC + Grasp). Participants in the second group received iTBS to the PPC while in an unconstrained, resting state (iTBSPPC + Rest). Contrasting these groups allowed us to elucidate the effects of targeted TMS enhancement of parietal–frontal grasping network and motor function and the interaction between parietal iTBS and behavioral state. To test the functional specificity of stimulation to the PPC, a third group of participants received iTBS to a cortical region outside of the grasping network while concurrently performing a grasping task (iTBSControl + Grasp).

[image: Figure 3]

FIGURE 3
 Experimental Design. (A) Participants were randomly assigned to one of three rTMS intervention groups. Electrophysiological and behavioral measurements were taken before (Baseline) and for an hour after the stimulation intervention. Motor-evoked potential amplitudes were measured at baseline and every 15 min for an hour after the iTBS intervention (0, 15, 30, 45, and 60 min) in Experiment 1 and after 30 and 60 min in Experiment 2. Both experiments measured behavioral performance on a nine-pegboard task (9-HPT) and choice reaction task (CRT) before and after the intervention (30 and 60 min). (B) In Experiment 1, participants underwent a single session of stimulation. (C) In Experiment 2, participants underwent a structural fMRI scan to determine the parietal stimulation location. Participants received three consecutive daily sessions of rTMS. On Visit 4, participants underwent assessments before (Baseline) and after rTMS, similar to Experiment 1.


In Experiment 1 (pilot study), 24 participants received a single session of iTBS aimed at either the PPC or Pz electrode position (Figure 3B). In the second experiment, 48 participants underwent four consecutive daily sessions of iTBS, targeting either the PPC or the cortical control site. Each assessment session tested for the effects of each iTBS protocol on motor cortical excitability (e.g., MEPs) and behavioral performance (e.g., pegboard task and CRT). To measure changes in MEP amplitude, spTMS was applied to M1 at a fixed intensity that produced an MEP of 1 mV. In Experiment 1, we measured MEP amplitudes at baseline and every 15 min for an hour after the iTBS intervention (0, 15, 30, 45, and 60 min). In the second experiment, we measured MEP amplitudes immediately before and after (30 and 60 min) the fourth iTBS session (Figure 3C). Brainsight was used to place the D702 coil over M1 throughout the experiment accurately. Both experiments assessed manual dexterity and CRT before and after the iTBS intervention (30 and 60 min).



Statistical analysis

Separate one-way analyses of variance (ANOVA) were used to confirm that the three groups (iTBSPPC + Grasp., iTBSPPC + Rest, iTBSControl + Grasp) did not differ in age or motor cortical excitability at baseline. MEP amplitudes were measured peak-to-peak for maximum and minimum values in the time window between 10 and 50 ms after spTMS (Carson et al., 2004; Fujiyama et al., 2016; Vesia et al., 2018). Changes in motor cortical excitability across Time and Intervention group were tested by fitting a linear mixed-effects model. The transformed MEP amplitude was used as the dependent variable, with the Intervention group and Time as fixed effects and subject as a random effect. Before including the data in the model, outlier MEP amplitudes that deviated by more than 3 units from the absolute median were removed for each subject. In total, 3.5% of all MEPs were excluded in Experiment 1, and 4.2% were excluded in Experiment 2 (Leys et al., 2013). MEP amplitudes were further transformed to account for their non-normal distribution. In Experiment 1, a power transformation of x−0.16 was used, while in Experiment 2, a power transformation of x0.017 was applied. The model was then tested using type II Wald F tests with Kenward–Roger degrees of freedom correction.

Changes in motor performance were quantified by expressing mean time as a symmetric percentage change from the baseline of the time to complete the pegboard task and mean reaction time on the CRT for each participant. For the pegboard task, symmetric percentages were subjected to an order norm transformation to meet normality assumptions. Then, a linear mixed-effects model was fitted with transformed symmetric percent change as the dependent variable, Intervention group (iTBSPPC + Grasp., iTBSPPC + Rest, iTBSControl + Grasp), and Time (30, 60 min) as fixed effects, and subject as a random effect. Similarly, for reaction time, values were log-transformed for normality. A linear mixed-effects model was fitted with transformed reaction time as the dependent variable, Intervention group and Time as fixed effects, and subject as a random effect. After fitting each model, type II Wald F tests with Kenward–Roger degrees of freedom correction were used to test for differences.

In addition, Games-Howell post hoc t-tests were performed on pairwise comparisons of groups to account for unequal variances between groups and control for multiple comparisons’ Type I error rate (Games and Howell, 1976). Analyses were performed using IBM SPSS Statistics Version 26.0 (IBM Corp., Armonk, NY, United States) and R (R Core Team, Vienna, Austria, 2022). Data are given as mean ± standard error of the mean (SEM). The threshold for statistical significance was set at p ≤ 0.05. Where appropriate, partial η squared (ηp2) values were computed as a measure of effect size. Cutoffs for effect sizes of ≥0.01, ≥0.06, and ≥ 0.14 are considered small, medium, and large, respectively (Cohen, 1992).




Results

All participants tolerated the experimental procedures. As shown in Table 1, we found no significant difference between the three groups in age or measures of motor cortical excitability at baseline (Figure 4).



TABLE 1 Group values for age and stimulator intensities.
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FIGURE 4
 Column scatter plots showing the (A-B) transcranial magnetic stimulation (TMS) intensity (expressed as a percentage of the maximum stimulator output, MSO) of active motor threshold (AMT), (C-D) TMS intensity of resting motor threshold (RMT), and (E-F) TMS intensity eliciting 1 mV MEPs at baseline, for each participant for the iTBSPPC + Grasp group (blue circles) and iTBSPPC + Rest group (red squares) and iTBSControl + Grasp group (orange triangles) for each experiment. No differences were found between groups (for statistics, see Table 1).



Effects of the brain state during parietal stimulation on downstream motor cortical excitability

To test the hypothesis that manipulating the behavioral state during stimulation to PPC would affect motor plasticity associated with motor control, we compared changes in the excitability of the motor cortex by measuring the size of TMS-induced MEPs in the three stimulation groups.


Experiment 1

There were significant main effects of the Intervention group (F2,21 = 4.17, p = 0.029, ηp2 = 0. 28) and Time (F5,3192.2 = 3.33, p = 0.005, ηp2 = 0.005) and a significant Time × Intervention group interaction (F10,3192.2 = 5.66, p < 0.001, ηp2 = 0.02) on the MEP amplitudes; Figure 5A). Post hoc analyses revealed that MEP amplitudes for the iTBSPPC + Grasp group were significantly different from baseline MEPs at 30 min (p < 0.0001), and the difference in amplitudes from immediate post-stimulation to 30 min was also significant (p = 0.002). For the iTBSPPC + Rest group, MEP amplitudes were significantly different from baseline immediately after stimulation (p < 0.0001), at 30 min (p = 0.03), and 45 min (p = 0.03). Further post hoc analyses demonstrated that there were significant differences in MEP amplitude for the iTBSPPC + Grasp group at every time point following baseline compared to both the iTBSPPC + Rest and iTBSControl + Grasp groups (all comparisons p < 0.0001, except between iTBSPPC + Grasp and iTBSControl + Grasp immediately post-stimulation, where p < 0.001. There were no significant differences in MEP amplitudes between iTBSPPC + Rest and iTBSControl + Grasp at any time point.
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FIGURE 5
 Group averaged motor evoked potential (MEP) amplitude (mV) for (A) Experiment 1 and (D) Experiment 2. Percentage change from baseline of MEP amplitude for each participant (B) 30 min and (C) 60 min post-stimulation in Experiment 1. Percentage change from baseline of MEP amplitude for each participant (E) 30 min and (F) 60 min post-stimulation in Experiment 2. Error bars denote the standard error of the mean (SEM). Asterisks indicate significant post hoc comparisons, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.


Closer inspection of the individualized normalized data showed highly consistent increases in the percentage change of MEP amplitudes across participants at 30 min and 60 min post-stimulation for the iTBSPPC + Grasp group (MEP change (%) increased for 7 out of 8 participants at 30 min; sign test p = 0.07; MEP change (%) increased for 6 out of 8 participants at 60 min; sign test p = 0.29; Figures 5B,C). Conversely, neither iTBSPPC + Rest (MEP change (%) increased for 1 out of 8 participants at 30 min; sign test p = 0.07; MEP change (%) increased for 3 out of 8 participants at 60 min; sign test p = 0.73) nor iTBSControl + Grasp (MEP change (%) increased for 2 out of 8 participants at both 30 min and 60 min; sign test p = 0.29) affected the magnitude of change in the MEP at these time points.



Experiment 2

In line with the pilot experiment’s findings, Experiment 2 revealed significant main effects of the Intervention group (F2,44 = 5.64, p = 0.007, ηp2 = 0. 2) and Time (F2,3188.3 = 26.91, p < 0.0001, ηp2 = 0.02) and a significant Time × Intervention group interaction (F4,3188.3 = 22.95, p < 0.0001, ηp2 = 0.03) on MEP amplitudes (Figure 5D). Post hoc tests indicated significant differences in MEP amplitudes for the iTBSPPC + Grasp group from baseline at 30 and 60 min post-stimulation (p < 0.0001). MEP amplitudes for iTBSPPC + Rest significantly differed between baseline and 60 min post-stimulation (p = 0.002) and between 30 and 60 min post-stimulation (p = 0.03), but not between baseline and 30 min post-stimulation. Conversely, no significant differences in MEP amplitudes were observed between any time points for the iTBSControl + Grasp group. Further post hoc tests revealed no significant differences in MEP amplitudes among groups at baseline. However, at both 30 and 60 min post-stimulation, the iTBSPPC + Grasp group showed significantly different MEP amplitudes compared to both iTBSPPC + Rest and iTBSControl + Grasp (p < 0.0001). At 60 min post-stimulation, the MEP amplitudes between the iTBSPPC + Rest and iTBSControl + Grasp groups also were significantly different (p < 0.0001).

The individualized normalized data showed consistent increases in the percentage change of MEP amplitudes from baseline across participants at 30 min and 60 min post-stimulation for the iTBSPPC + Grasp group (MEP change (%) increased for 15 out of 16 participants at 30 min; sign test p < 0.0005; MEP change (%) increased for 16 out of 16 participants at 60 min; sign test p < 0.0001; Figures 5E,F). Conversely, neither iTBSPPC + Rest (MEP change (%) increased for 10 out of 16 participants at 30 min; sign test p = 0.45; MEP change (%) increased for 12 out of 16 participants at 60 min; sign test p = 0.08) nor iTBSControl + Grasp (MEP change (%) increased for 6 out of 16 participants at 30 min; sign test p = 0.45; and MEP change (%) increased for 7 out of 16 participants at 60 min; sign test p = 0.8) affected the magnitude of change in the MEP at these time points.

Together, these results indicate that the influence of PPC stimulation on motor cortical excitability depended on both the behavioral task being performed and the time at which the assessment was administered. Furthermore, this result reinforces that increased motor cortical excitability resulted from stimulation targeting a specific parietal-motor pathway. Critically, it is apparent that inducing functional activation in the cortical grasping network through a causal behavioral manipulation during parietal stimulation reliably alters downstream motor plasticity.




The effects of brain state during parietal stimulation on motor performance


Experiment 1

We examined the participants’ motor performance on a pegboard test after (30 and 60 min) each rTMS intervention. There was a significant main effect of the Intervention group (F2,21 = 11.54, p < 0.001, ηp2 = 0.52), no main effect of Time (F2,42 = 1.68, p = 0.20, ηp2 = 0.07), and a significant interaction between Time and Intervention group (F4,42 = 7.31, p < 0.001, ηp2 = 0.41), on the symmetric percentage change from baseline of mean time to complete the pegboard task (Figure 6A). Post hoc analyses showed that motor performance significantly improved at each time of measurement for the iTBSPPC + Grasp group compared to the TBSControl + Grasp (30 min, p = 0.004; 60 min: p = 0.002) and at the 60 min for the iTBSPPC + Rest group (p = 0.003). The time to complete the pegboard task decreased for the iTBSPPC + Grasp group, as shown by post hoc analyses indicating a significant symmetric percentage change from baseline in motor performance at 30 min (p = 0.03) and 60 min (p < 0.001). Notably, there was no significant difference in the symmetric percentage from baseline in motor performance at each time point for the iTBSPPC + Rest or the iTBSControl + Grasp groups (all comparisons p ≥ 0.15).
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FIGURE 6
 Group averaged percentage change from baseline to complete the nine-hole pegboard manual dexterity test (9-HPT) for (A) Experiment 1 and (D) Experiment 2. Positive values indicate a performance improvement. Mean percentage change from baseline to complete 9-HPT for each participant (B) 30 min and (C) 60 min post-stimulation in Experiment 1. Mean percentage change from baseline to complete 9-HPT for each participant (E) 30 min and (F) 60 min post-stimulation in Experiment 2. Error bars denote the standard error of the mean (SEM). Asterisks indicate significant post hoc comparisons, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.


Improvements in the percentage change from baseline in the time taken to complete the pegboard task were highly consistent across participants in the iTBSPPC + Grasp group (7 out of 8 participants’ motor performance improved at 30 min; sign test p = 0.07; 8 out of 8 participants motor performance improved at 60 min; sign test p = 0.008) but not in the iTBSPPC + Rest group (4 out of 8 participants motor performance improved at 30 min; sign test p = 1.27; 3 out of 8 participants motor performance improved at 60 min; sign test p = 0.73) or the iTBSControl + Grasp group (2 out of 8 participants motor performance improved at 30 min; sign test p = 0.29; 3 out of 8 participants motor performance improved at 60 min; sign test p = 0.73; Figures 6B,C).



Experiment 2

The improvements in manual dexterity observed in Experiment 1 were replicated in Experiment 2. We found significant main effects of both Intervention group (F2,45 = 20.98, p < 0.001, ηp2 = 0.48) and Time (F2,90 = 3.87, p = 0.02, ηp2 = 0.08), as well as a significant Time × Intervention group interaction (F4,90 = 7.61, p < 0.001, ηp2 = 0.25) on the symmetric percentage change in the time to complete the pegboard task from baseline (Figure 6D). Post hoc tests confirmed that the iTBSPPC + Grasp group showed significant differences from the other intervention groups, and their performance improved over time. Specifically, the iTBSPPC + Grasp group showed significantly different symmetric percentage changes in performance at both 30 and 60 min post-stimulation when compared to either of the other groups (iTBSPPC + Rest, 30 min: p = 0.01, 60 min: p = 0.002; iTBSControl + Grasp., 30 min: p < 0.001; 60 min: p < 0.001). Similar to the findings in Experiment 1, only the iTBSPPC + Grasp group displayed improvements in performance over time, with their symmetric percentage change in time to complete the pegboard task being significantly different from baseline at both 30 and 60 min (p < 0.001). In contrast, neither of the other groups showed significant differences at either time (all comparisons p > 0.07).

Improvements in the percentage change from baseline in the time taken to complete the pegboard task were highly consistent across participants in the iTBSPPC + Grasp group (15 out of 16 participants’ motor performance improved at both 30 and 60 min; sign test p < 0.0005) but not in the iTBSPPC + Rest group (10 out of 16 participants motor performance improved at 30 min; sign test p = 0.45; 8 out of 16 participants motor performance improved at 60 min; sign test p = 1.2) or the iTBSControl + Grasp group (5 out of 16 participants motor performance improved at 30 min; sign test p = 0.21; 7 out of 16 participants motor performance improved at 60 min; sign test p = 0.8; Figures 6E,F). Thus, motor improvement occurred reliably only when the functional state of the grasp network was engaged with a motor task during the administration of parietal stimulation, not for either control condition. These results underscore the consistent benefits of state-dependent parietal stimulation on manual dexterity across both experiments.

To assess the specificity of the effects of stimulation on motor performance, we compared reaction times for a control visuomotor CRT task that does not involve dexterous hand shaping and object manipulation in both experiments. Across both experiments, no significant differences in visuomotor performance were found across intervention groups or time. In the pilot experiment, after fitting and testing a linear mixed-effect model, there were no main effects of Time (F2,42 = 1.42, p = 0.25, ηp2 = 0.06) or Intervention group (F2,21 = 0.03, p = 0.97, ηp2 < 0.001), and no significant interaction (F4,42 = 0.60, p = 0.67, ηp2 = 0.05; Figure 7A). Similarly, in the second experiment (Figure 7B), there was no significant main effect of Time (F2,90 = 2.64, p = 0.07, ηp2 = 0.06), Intervention group (F2,45 = 1.60, p = 0.21, ηp2 = 0.07), or interaction (F4,90 = 0.81, p = 0.52, ηp2 = 0.03). These findings are consistent with the hypothesis that the effect of parietal stimulation on motor performance is specific to planning and execution states for object-directed grasps rather than a general attention or performance benefit. Motor improvement was selective for skilled object-directed grasps and occurred reliably only when the targeted cortical motor planning network was engaged with a motor behavior at the time of parietal stimulation.
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FIGURE 7
 Group averaged percentage change from baseline for the choice-reaction visuomotor task (CRT) for 30 and 60 min post-stimulation for (A) Experiment 1 and (B) Experiment 2. Positive values indicate a performance improvement. Error bars denote the standard error of the mean (SEM).






Discussion

The current study describes brain and behavior responses to intermittent theta burst stimulation to PPC applied during two distinct endogenous states of neural activity in the motor system (i.e., brain state at rest versus during action planning and execution). Delivering iTBS to PPC when the cortical grasp network is engaged with a motor task increases the downstream excitability of an interconnected M1 region responsible for fine-motor action and concomitantly improves skilled motor performance for up to an hour. These findings demonstrate that the effects of parietal network-targeted stimulation are brain-state dependent and can influence motor plasticity beyond the stimulated region with high specificity to improve skilled motor control of hand actions immediately after stimulation.

It has been commonly found that there is a large degree of variability in brain activity and behavioral responses following rTMS (Ridding and Rothwell, 2007; Nicolo et al., 2015; Ziemann and Siebner, 2015; Corp et al., 2020; Ozdemir et al., 2020, 2021). For motor control, most work has examined the neural effects of rTMS on a brain at rest (Siebner et al., 2009a; Bergmann et al., 2016). However, recent work has proposed that this variability can be partially explained by state-dependent effects, in which the stimulation response depends on the ongoing level of brain activity during stimulation (Silvanto et al., 2008; Pasley et al., 2009; Romei et al., 2016; Bergmann, 2018; Bradley et al., 2022). In our study, we show that the direction of change in excitability is influenced by the physiological state of the targeted parietal-motor grasp network during stimulation. Our results suggest that PPC’s facilitatory influence during grasping may cause recurrent excitation, leading to long-term potentiation-like changes in cortical excitability when stimulated. In contrast, stimulating during periods of PPC-mediated inhibition, such as during rest, may reduce neural activation, resulting in less potentiation. This explanation aligns with studies indicating that the ongoing activity level at the time of stimulation influences corticospinal excitability (Bestmann et al., 2008a; Bestmann and Krakauer, 2015; Zrenner et al., 2018; Naros et al., 2019; Schaworonkow et al., 2019) and is consistent with recent cortico-cortical TMS findings showing remote excitability effects of the parietal cortex on motor cortex reverse in direction with the motor state (Koch et al., 2008; Vesia et al., 2013, 2017).

The current findings also align with TMS’s neural and behavioral effects when manipulating sensory, attentional, and cognitive states. Recent findings also have demonstrated that co-administration of low frequency rTMS to the motor cortex with motor training can enhance motor plasticity and improve motor skills in both damaged and intact brains (Bütefisch et al., 2004; Thabit et al., 2010; Buetefisch et al., 2011, 2015; Revill et al., 2020). In addition, cognitive manipulations that direct attention to the hand during rTMS have been shown to produce larger increases in motor cortical excitability (Stefan, 2004; Conte et al., 2007). Other approaches have been used to modulate brain excitability before TMS by selectively preconditioning a specific neuronal population using either stimulation (Siebner, 2004; Ni et al., 2014; Opie et al., 2019) or behavioral adaptation (Silvanto et al., 2007) protocols. For instance, perceptual adaptation has been shown to augment the TMS-induced neural representation of observed motor behavior (Silvanto and Cattaneo, 2014). Our current results extend these prior findings on state-dependent motor responses to rTMS to provide novel physiological evidence that engaging the parietal–frontal network for goal-directed hand movements during parietal stimulation can affect cortical motor output for up to an hour.

The state dependency of neuronal responses to rTMS also can be found in interconnected brain areas (Siebner et al., 2009b). Indeed, it is well established that the effects of stimulation propagate beyond the stimulation site to impact functionally specific brain networks (Siebner et al., 2009a; Fox et al., 2012; Beynel et al., 2020; Lynch et al., 2022). Importantly, the effects of stimulation on brain networks can be influenced by the activation state of interconnected regions within the functional network (Ruff et al., 2006, 2008; Blankenburg et al., 2008, 2010; Moisa et al., 2012). It is possible that the ongoing activity and inherent excitability of neurons can influence the spread of neural excitation within the targeted area and to other regions in the brain. As a result, synchronizing neural firing patterns with stimulation can strengthen connections between neurons and facilitate state-specific changes in the brain (Siebner et al., 2022). For example, activating the motor system with a behavioral task, such as the performance of an isometric hand grip during premotor cortex stimulation, influences contralateral cortex activity (Bestmann et al., 2008b). Cortico-cortical interactions that can be probed with two TMS coils over two connected brain areas have shown dynamic changes in excitability when individuals plan actions (Koch and Rothwell, 2009; Lafleur et al., 2016; Hallett et al., 2017; Goldenkoff et al., 2020; Malderen et al., 2022). Furthermore, our previous dsTMS experiments show that PPC regions involved in encoding hand movements exert an inhibitory influence on motor output at rest. Interestingly, this net inhibitory drive at rest in PPC is facilitated during the preparation of a grasping movement (Vesia et al., 2013, 2017). We, therefore, reasoned that capitalizing on the physiological state of the brain using multi-focal TMS methods can selectively target active neurons when delivering stimulation to the parietal location to enhance the specificity of excitation to the connected motor regions. This approach may increase the excitability of specific neural pathways associated with movement by modulating the connections between pre- and post-synaptic neuronal activities through Hebbian mechanisms (Hebb, 1949; Markram et al., 2011), inducing LTP-like changes in synaptic strength (Suppa et al., 2016). In the current study, intermittent theta burst stimulation may have induced long-lasting changes in cortical excitability by modulating calcium influx via the post-synaptic membrane, resulting in LTP-like effects on cortical synapses (Huang et al., 2011; Suppa et al., 2016). The underlying mechanisms of the brain-state-dependent TMS effects on motor function observed in our data may be activity-dependent plasticity, whereby control over the cortical state with a voluntary movement during stimulation boosts the response in the activated brain network (Siebner et al., 2009b); cf. (Paulus and Rothwell, 2016). The current results add to prior research demonstrating that theta burst stimulation to premotor (Huang et al., 2018) and PPC (Premji et al., 2011) regions can impact downstream cortical motor plasticity. Altogether, these findings demonstrate that the effect of stimulation on downstream motor cortical excitability depends on the current state of excitation of the connected brain region being stimulated within the functional network.

The present findings also demonstrate that this state-dependent modulatory effect can improve behavior immediately after stimulation. For example, we found that theta burst stimulation to the grasping network selectively improves skilled motor performance when the network is active relative to when it is at rest. This result is consistent with previous work in the visual domain, indicating robust state-dependent effects when pairing stimulation with neural activity functionally tuned to visual motion stimuli (Chiappini et al., 2018). One possible mechanism of the immediate state-dependent effect is that selective neural representations and pathways underlying the perceptual and behavioral processes are more susceptible to stimulation (Silvanto et al., 2008; Pasley et al., 2009; Romei et al., 2016; Bradley et al., 2022). Future neuroimaging work is necessary to characterize the neural basis of this neural response, particularly at mesoscale brain circuits that subserve voluntary motor control.

The convergence of the current neurophysiological and behavioral findings strongly suggests that variability in neural activity levels at the time of stimulation contributes to the variability of the responses to rTMS in the motor system. In the current study, the group-averaged data showed that applying theta burst stimulation during a constrained high-activity state through a causal behavioral manipulation improves motor function immediately after stimulation rather than using the same pulse train during spontaneous neural activity discharge while participants are at rest. A closer inspection of individual results clearly shows two distinct patterns diverging based on the functional context of neural activity during stimulation. The group that received brain-state-dependent parietal stimulation showed significant and consistent increases in both excitability and performance in all participants. In contrast, the effects of stimulation on motor plasticity and motor performance changes varied in magnitude and direction across individuals within the control conditions. This implies that variations in resting-state brain activity may influence individual differences in TMS responses and can be reduced by task manipulations (Silvanto et al., 2008; Silvanto and Pascual-Leone, 2008; Siebner et al., 2009b, 2022; Romei et al., 2016; Bergmann, 2018). This relationship may explain, in part, the considerable individual variation in brain and behavior responses within healthy and patient population studies reported in brain stimulation research. Such state-dependent TMS methods can identify novel neural paths to modify the output of the motor cortex and possibly translate into therapeutic approaches that underpin hand control for neurological disorders with aberrant plasticity. Notably, motor impairments after stroke often can be explained by abnormalities in parietal–frontal circuits subserving the integration of sensory input with motor commands, thus demonstrating network-level dysfunction of neural interactions for sensorimotor control (Grefkes and Fink, 2011; Guggisberg et al., 2019). Most therapeutic stimulation has focused on frontal motor circuits (Morishita and Hummel, 2017), encompassing the primary motor cortices, premotor cortices, and supplementary motor areas. Here, we focused on interactions between PPC, a higher-order area significantly involved in action-related processes, and frontal motor areas (Andersen and Cui, 2009). Even though these network effects are relevant to therapeutic response (Fox et al., 2014; Horn and Fox, 2020), few studies have focused modulatory stimulation on the PPC component, an important ‘brain hub’ (Grefkes and Fink, 2011, 2014; Grefkes and Ward, 2014) of a well-characterized parietal–frontal grasping network (Grafton, 2010; Davare et al., 2011; Vesia and Crawford, 2012; Turella and Lingnau, 2014). This is important because higher levels of functional connectivity in parietal–frontal circuits in the motor system have been related to more favorable motor outcomes after stroke (Schulz et al., 2015, 2016). Given that the current results provide evidence for parietal contributions to motor function, we propose that targeting higher motor areas such as PPC with rTMS, primarily when functionally engaged with other interconnected frontal cortical regions, might be a better alternative for stroke patients with greater sensorimotor impairments (Plow et al., 2014, 2016). Further research is needed to determine the relevance of the proposed rTMS approach in clinical settings.

The current study has some limitations worth noting. First, the number of female participants in Experiment 2 was greater than males. Recent work has highlighted the influence of sex on the brain and behavior responses to TMS (Hanlon and McCalley, 2022). This may relate to various biological metrics, such as the distance between the scalp and cortex, gray matter density, and estradiol and progesterone levels. Still, sex is unlikely to account for the current results because it would be counterbalanced across the intervention groups. In addition, we personalized stimulation intensity based on each participant’s neuroanatomy to minimize variance in cortical target site intensities (Stokes et al., 2005). It is also important to consider that the current study did not implement a sham control. We, therefore, cannot rule out the TMS-induced placebo effects on brain and behavioral outcomes (Boucher et al., 2021). We would expect, however, variance in brain and behavior responses in all intervention groups. Yet, our results showed clear and consistent effects of brain-state-dependent parietal TMS on motor excitability and manual dexterity, with notable differences between intervention groups. Future research could benefit from including sham TMS to better differentiate the effects of time on motor function.

In summary, our findings demonstrate that brain-state-dependent stimulation of a higher-order node in the cortical grasping network can alter motor cortical excitability beyond the stimulation site, leading to improved motor control of hand movements for up to an hour. Whether these changes in brain and behavior persist beyond the one-hour period we tested remains to be seen. Similarly, because multiple consecutive days of stimulation can produce long-lasting cumulative effects (Wang and Voss, 2015; Freedberg et al., 2019a,b), future studies should investigate the duration and magnitude of state-dependent changes on motor function caused by multiple-day stimulation, which could be particularly relevant to a clinical cohort. As our data indicate, rTMS results could be more consistent by controlling the behavioral state at the time of stimulation to induce network-specific plasticity in the motor system. It may prove useful to employ this methodological approach to optimize targeted neuromodulation strategies with practiced movements for treating a wide range of neurological disorders marked by movement dysfunction, such as stroke and Parkinson’s disease.
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Informed consent x
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Demographics and clinical characteristics X
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DLPEC, dorsolateral prefrontal cortex; rTMS, repetitive transcranial magnetic stimulation; iTBS, intermittent theta burst transcranial magnetic stimulation; MoCA, Montreal cognitive
assessment; AVLT, auditory verbal learning test; SDMT, symbol digit modalities test; DST, digital span test, HAMD: Hamilton depression scale; ADL, activities of daily living; EEG,

electroencephalography.
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MVEF 0.0043 £ 0.0121 —0.0097 £ 0.0148 —0.0019 £ 0.0083 —0.0007 = 0.0172
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Bold values indicated statistically significant (p < 0.05) laterality indexes, i.e., left and right sul

b-networks had a significant difference in network metrics.
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Data are formatted as node degree (binarization threshold).
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Light touch sensation

N20 amplitude

N20 latency

Light touch sensation

r P-value r P-value
Thumb 0.243 0.012 —0.368 <0.001 —0.105 0.288 —0.107 0.278
Index finger 0.276 0.004 —0.338 <0.001 —0.103 0.297 —0.127 0.196
Little finger 0.253 0.009 —0.409 <0.001 —0.158 0.107 —0.158 0.107
Thenar 0.279 0.004 —0.277 0.004 —0.147 0.134 —0.153 0.118
Hypothenar 0.257 0.008 —0.315 <0.001 —0.136 0.166 —0.136 0.166

2-PD, two-point discrimination; N20, negative peak at 20 ms.
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2-PD, two-point discrimination.





OPS/images/fnins-16-1107688/cross.jpg
@ Check for updates.





OPS/images/fnins-16-1107688/email.jpg





OPS/images/fnins-16-1065629/fnins-16-1065629-t002.jpg
Palm

region
The level of light Sensory loss 106 73
touch sensation
Sensory 215 145
impairment
Sensory 15 6
intactness
z 0.404 0.407
p-value <0.001 <0.001
The level of 2-PD Sensory loss 129 90
Sensory 99 29
impairment
Sensory 108 105
intactness
z 0.279 0.385
p-value <0.001 <0.001






OPS/images/fnins-16-1065629/fnins-16-1065629-t003.jpg
Index finger | Little finger Thenar Hypothenar
Sensory loss 33 36 37 36 37 0.556 0.757
Sensory impairment 76 67 72 72 73
Sensory intactness 3 9 3 4 2
x* 1.344
0.511

p-value






OPS/images/fnins-16-1065629/fnins-16-1065629-t004.jpg
Thumb Index finger | Little finger Thenar Hypothenar
Sensory loss 43 42 44 45 45 3.200 0.525
Sensory impairment 34 31 34 13 16
Sensory intactness 35 39 34 54 51
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Female 79
Male 33
Age, years, mean &£ SD 54.13 +£11.87
Physical labor intensity, n

Light physical labor 63
Moderate physical labor 35
Heavy physical labor 14
Hemiplegic side, n

Left 59
Right 53
Type of stroke, n

Ischemic 48
Hemorrhagic 64
Location

Cortical 6
Subcortical 71
Mixture of cortical and subcortical lesions 35
Course of the stroke, days, median 30 (19-60)
(P25-Py5)

VAS, median (Py5—-P7s5) 0(0-2)
Fugl-Meyer score, median (P25-P7s) 22 (8, 46)
Brunnstrom stage, median (P25—Pys)

Hand 3(1-4)
Upper extremities 3(2-4)

SD, standard deviation; VAS, visual analog scale.
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SCOPA-Aut(only for v v v v
MSA-C)
Gait parameters v v v v
EEG v v v v
MRI v v v v
Temperature, blood v v v v
pressure, heart rate
Patients’ compliance v v v v

Blinding assessment v v v v
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10,EO, TrA

10,EO, TrA

10,EO, TrA

10, TrA
TeA

RA

RA

RA

RA
RA

Transducer (MHz) Approach

75 ‘The anterior asillary line, midway between the 12th

rib and the iliac crest

8 2.5cm anterior to the axillary line, at the height of the

umbilicus.

- ‘The middle line between the sacral crest and the

inferior angle of the thoracic cage

10 2.5 cm anterior to the mid-axillary line and at the

‘midpoint between the inferior rib and iliac crest
75 ‘The left side of the abdomen

513 ‘The mid-axillary line and the midpoint between the

iliac crest and the bottom of the rib cage

812 25cm anterior to the mid-axillary line at the

‘midpoint between the inferior rib and the iliac crest

5-12 At the umbilicus line and horizontally 3cm medial to

the mid-axillary line

75 Superior to the iliac crest in the transverse plane along

the mid-axillary line
612 Between the 12th rib and iliac crest 25 mm inside

5-13 At the middle of the 11th costal cartilage and iliac

crest, perpendicularly to the mid-axillary line

75 2-3¢m above the umbilicus, 2-3 cm from the midline
8-10 4cm lateral to the umbilicus
812 3em lateral to the umbilicus
5-12 3em lateral to the umbilicus

75 2-3cm above the umbilicus

Positio

Supine

Supine

Supine

Supine

Supine

Supine

Supine

Supine

Crook-lying

Supine

Supine

Supine

Supine

Supine

Supine

Crook-lying

Condition

End of the expi

End of a relaxed expiration

End of a relaxed expiration

‘The thickest muscle at end tidal

End of normal expiration

End of relaxed expiration

“The rest and contraction states

End of expiration

Atthe start of expiration

At rest (ot clear)

Atthe end of the expiration

End ofa relaxed expiration

End of relaxed expiration

‘The rest and contraction states

End of expi

[JEE S

156, 6 healthy

103 healthy

24 healthy

39,23 healthy

21 healthy

21 women

32,15 stroke patients

55 stroke patients

33 stroke patients

23 stroke patients

9 stroke patients

156,6 healthy

103,39, 23 healthy

32,15 stroke patients

55 stroke patients

33 stroke patients

References

Misuri et al. (1997) and Tahan
etal. (2016)

Otaetal. (2012)

Kang etal. (2021)

Ishida etal. (2014) and Ishida
etal. (2015)

Sugimoto et al. (2018)

Abuin-Porras etal. (2020)

Monjo etal. (2018) and Monjo
etal. (2022)

Kim etal. (2020)

Lee etal. (2018)

Ohetal. (2016)

Kelli etal. (2020)

Misuri etal. (1997) and Tahan
etal. (2016)
Otaetal. (2012), Ishida etal.

(2014), and Ishida et al. (201

Monjo et al. (2018) and Monjo
etal. (2022)

Kim etal. (2020)

Lee etal. (2018)
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Transducer
(MHz)

Approach Position

Condition

Subjects

References

Tic, TFic

1015

10-15

‘The level of the 2nd intercostal space, approximately 6-8cm lateral to the sternal edge | ~

with a window visualizing the 2nd/3rd ribs

3emlaterally from the sternum, and oriented along the sagtal plane, between the 2nd  Supine
and the 3rd ribs

In the sagittal plane with a window visualizing the 2nd/3rd ribs. atds®

In the sagittal plane with a window visualizing the 2nd/3rd, 3rd/th ribs at45°

“The anterior portion, It~ th intercostal spaces, 25-30 mm outside from the edge of

the sternum

‘The lateral portion, the 3rd, 6th, and 9th intercostal space, at the line connecting the  Let side-
axillary anterior border with the anterior superior iliac spine lying
‘The posterior portion, the 3rd, 6th, and 9th intercostal spaces, and it was 50-60mm  Leftside-
lateral to the thoracic spinous process lying

At the 8th posterior right intercostal space at medial right scapula line Sitting

‘End-expiration/inspiration

End-expiratory

End-tidal expiration

End-tidal inspiration

inspiratory

At resting expiratory/maximal
inspiratory

At resting expiratory/maximal
inspiratory

End of quiet and deep inspiration/

expiration

23 Healthy, 54
mechanically ventilated

patients

50 mechanically

ventilated patients
32 intubated patients

20 stable COPD patients

12 healthy men

12 healthy men

12 healthy men

68 older adults

Dres etal. (2020)

Paolo etal. (2022)

Formenti et al. (2022)

Wallbridge et al. (2018)

Yoshida et al. (2019)

Yoshida et al. (2019)

Yoshida et al. (2019)

Rahman etal. (2017)
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Transducer

Parameters (MHz) Approach Position Condition Subjects References
Tdi, TEdi 10 Atapproximately the anterior axillary line, just cephalad to the lower Supine Inspiration (TLC)/end expiration 49 Healthy, 45 Stroke Kim etal. (2017)
costal margin patients
Tdi 713 “The eighth or ninth intercostal space, anterior to the anterior axillary line  Supine End of expiration 73 male, 77 female Boon etal. (2013)
Tdi, TEdi 7.5-10 “The eighth and ninth intercostal spaces in the right mid-axillary li Standing AUFRC 15 Healthy Gottesman and McCool
(1997)
Tdi, TEdi, Excursion 10-14 Atapproximately the anterior axillary line at the 8th and 9th intercostal  Supine End deep inspiration /end- 45 Stroke patients Liuetal. (2022)
spaces expiration
Tdi 10 In the middle of the anterior axillary and mid-axillary line of the 7th Supine End-inspiration/expiration 41 Stroke patients Kiligoglu et al. (2022
intercostal space
Ti 514 “The mid-axillary lines between ribs 8 and 9 on both sides Supine Maximum inspiration/ end- 25 Stroke patients Choetal. (2018)
expiration
Tdi, TR, Excursion | 6-133-55 At the 8th-9th intercostal space of the right anterior axillary line Supine Calm end-expiratory/maximum 60 Stroke patients Caoetal. (2022)
end-inspiratory
Tdi, TFdi, Excursion 10-15 ‘The zone of apposition to the rib cage, between the mid-axillary and Supine End-inspiration/end-expiration Yuetal. (2021)

antero-asillary line

Ti 813 Atapproximately the anterior axillary line, just cephalad to the lower Supine End-expiration or functional 50 COPD Patients Baria etal. (2014)
costal margin residual capacity

Tdi, TR 13 “The ninth or tenth intercostal, space near the mid-axillary line Supine End-expiratory/peak inspiratory 66 ventilated patients Goligher et al. (2015)

Tdi 515 In the right intercostal space, between the antero-axillary and mid- Sitting Atfull expiration/ inspiration 42 ALS Patients Pinto etal. (2016)
axillary lines

Tdi, TEdi 615 In the anterior axillary line - End-expiration/inspiration 45 MS patients Sahin et al. 2019)

TR 10-15 “The ninth or tenth intercostal, space near the mid-axillary line Supine End-expiration/peak inspiration 122 ventilated patients Dres etal. (2021)

TR 410 Between the mid-axillary and posterior axillary lines Supine End-inspiration/end-expiration 10 COPD patients Lim etal. (2019)

Excursion 1 Alow intercostal or subcostal approach using the liver or spleen as an Supine Quiet breathing/decp inspiration/ 23 Healthy Gerscovich etal. (2001)
acoustic window the snifftest

2535 Alow intercostal or subcostal approach using the liver or spleen as an Standing Quiet breathing/deep inspiration/ 150 men, 60 women Boussuges et al. (2009)

acoustic window the snifftest

Excursion - In the longitudinal semi-coronal plane through a subcostal or intercostal  Supine Spontaneous/deep respiration 23 Stroke patients Voyvoda etal. (2012)
approach

Excursion 15 A subcostal approach Supine Quiet and deep breathing/ 10 Stroke patients Jung etal. (2014)

Voluntary sniffing

Excursion 35 ‘The lower intercostal spaces in the anterior axillary lines and the liver Supine Quiet/deep breathing 25 COPD patients Crimi etal. (2018)
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Protocol

1 Robotic Exoskeleton mounted on hand with the elbow at 90 degrees
2 Robotic exoskeleton on the flat-surfaced table.

3 ‘Table with the non-adjustable height of 30in.

1 “Thumb free during the wrist and finger joint movement.

5 Visual LED feedback placed on the table.

6 Itwas instructed to not use the proximal joints—Elbow, and

shoulder and to put full effort into the wrist movement for EMG to

be detected from EDC.

7 ‘The protocol had exoskeleton focusing only on wrist and fingers
joint,

8 45 min of the session with additional 3-min of breaks in between the
session.

9 ‘The 10s trial was made voluntary according to the patient.

According to their clinical presen and

ion (spasticity pain,

contractures), they might/might not take a gap in between the trial

and start the effort for wrist extension.

Patient’s feedback
Difficult to maintain the elbow at 90 degrees with a TMS coil on the head.

The robotic exoskeletons table should be inclined such that the elbow could

be 120 degrees to easily maintain the TMS coil on the head.

“The height of the table on which the robotic exoskeleton is placed should
be adjustable.

A strap to hold the thumb should also be included in the exoskeleton.

LED feedback should be in front of us o casily sce without moving the eyes

sideways as the head is fixed due to the TMS coil.

Stress on elbow and shoulder causing pain, a few minutes gap would

be better.
Tt should be made multi-joint to involve shoulder and elbow joints training
t00. It should not be limited to only the wrist and hand.

Lwill not be able to do this for more than this duration.

Initially, it was fine with six trials/min but after 5-10 min,

21-25 gap between the trals
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PROM

Patient  Chronicity MAS
TSER PI 9 31 2 15

P2 3 5 15 1

3 6 25 1 0

(Mean:£5D) 6:3 3635147 | 15805 08£07
Difference (Post-Pre) 0.67
Relative % Improvement (Post-Pre)/Pre 6
Physiotherapy | P4 s W0 2 2
Control Ps 9 38 15 15

P6 s 2 2 2

(Mean:£5D) 83:05 40502 18£02 18202
Difference (Post-Pre) 0
Relative % Improvement (Post-Pre)/Pre 0

MAS (max 4): modified ashworth scale (a measure of spasticity).
BI (max 100): Barthel index (a measure of ADL).

EMUL (max 66): Fugl-Meyer upper limb.

EMWH (max 24): Fugh-Meyer wrist hand.

PROM (max 70): passive range of motion of wrist-joint.

RMT (%) resting motor threshold EDC hotspot.

MEP (): motor evoked potential amplitude.
A relative % dlinical improvement = (Post clni

I score—Pre clinical score/Pre clinical score)*100.

75 90
70 90
80 100

75%5 93357
183
u
50 55
50 60
75 80
583+144  65£132
6.66
114

3 40
43 53
34 a4

37452 456447

86

23
2 2
B 2
18 2

223£37  266%32
43
192

“MEP was not obtained even after giving 100% Maximum Stimulator Output due to decreased cortical-excitability afer stroke (Chen et al. 2005).

Difference represents (Post Clinical sore-Pre Clinical Score).
Bold are the derived parameters from values in Table 2 for easier understanding of readers.

FMWH
Pre Post
8 12
10 14
10 13
933:115 | 131
26
3
n n
10 10
5 6
86832 | 9:26
033
46

Pre Post
15 30
20 50
20 0
183228 40£10
217
18
5 15
15 30
20 2
133476 233276
10
75

100
75
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916+ 144
156
18
99
100
65
884199
1
L1

70
80

76452
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64

874199

0% 663
12 131
0% 60.5

3754649 864392

485
129
60 62
0 0
89 9%
496453 528492
233
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Patient Handedness Stroke Chronicity Hypertension Smoking Diabetic Family Mini

and alcohol history mental
stroke scale
TSEF Pl M 31 Right RGC bleed 9 No No No No 30
L ACA, MCA
23 M 5 Right 3 No No No No »
infarct
RMCA
P M 25 Right 6 No Yes No No 30
infarct
RMCA
P4 M 0 Right 8 No No No Yes 30
infarct
RMCA
Physiotherapy
»s M 38 Right Lacunar 9 No Yes Yes No 30
control
infarct
L Parietal &
»6 M 2 Right 8 No No No Yes 27
BG infarct

GC, gangliocapsular; ACA, anterior cerebral artery; MCA, middle cerebral artery; and BG, basal ganglia.
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NIHSS (r/p) MMSE (r/p)

FMA (r/p) MBI (r/p)
IL-17A 0.2664/0.003 —0.3628/0.0001 —0.2810/0.0017 —0.3724/0.0001
TNF-a 0.3057/0.0006 —0.4098/0.0001 —=0.3755/0.0001 —0.4890/0.0001
VEGF-A —0.4137/0.0001 0.3784/0.0001

0.4848/0.0001 0.5231/0.0001
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Stages of stroke

Acute and sub-acute phases

Convalescent phases

Chronic phases

Referral Hospitals

Department of Rehabilitation Medicine in a
tertiary hospital or a tertiary rehabilitation
hospital

Department of Rehabilitation Medicine in a secondary
hospital or a secondary rehabilitation hospital

Community Health Center or
Home

Referral criteria

Either of the following appears:

e Stroke recurrence.

© The presence of progressive cerebral edema,
severe lung infection, urinary tract infection,
sepsis or severe pressure sores.

e Impaired consciousness or increased
functional impairment.

o Multiple organ failure occurs.

The following conditions are all met:

o Vital signs are stable.

e Neurospecialist treatment finished.

o Stroke-related clinical laboratory tests are generally
normal or stable.

eAfter receiving early rehabilitation diagnosis and
treatment, there are still serious dysfunctions or
complications, such as consciousness or cognitive
impairment, tracheotomy, acute myocardial infarction,
dysphagia, etc.

The following conditions are all
met:

o Vital signs are stable.

o Stroke-related clinical
laboratory tests are generally
normal.

© No serious complications or
comorbidities.

o Mild functional impairment is

present.
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Time(min)

The time taken to give medical
orders at the initial consultation

The time taken to give medical
orders at follow-up consultations

~ The time taken by the therapist

to write the medical document
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Before intervention mean (SD)

Rehabilitation Stimulation
group group
NIHSS 887 (279) 8.26(3.67)
MMSE 2040 (3.25) 2174(332)
FMA 5427 (11.93) 5561 (10.72)
MBI 3650 (13.01) 37.90 (11.75)

Intra-group comparison before and after intervention. *p<0.01.

0.470

0.116

0.645

0.660

After intervention mean (SD)

Rehabilitation Stimulation
group group
453 (1.68)* 452 (2:86)*
23.27 (257)* 2452 (2.84)%
7173 (10.24)* 7352 (11.16)*
6250 (954)" 6661 (13.75)"

0977

0077

0519

0181
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Cytokine

IL-17A
TNF-a

VEGF-A

Healthy
Group
mean (SD)

14.45 (163)
3183 (6.37)
123.30 (9.55)

Disease groups before intervention

(SD)
Rehabilitation Stimulation
group group
2476 (633)" 2344 (6.14)"
5078 (7.37)" 4690 (937)"
142.19(23.96)° 138.40 (28.08)°

Intra-group comparison before and affer intervention, *p<0.01; compared with Healthy Group, %p < 0.01.

0322

0036

0542

Disease groups after intervention

(SD)
Rehabilitation Stimulation
group group
18.53 (6.99) 17.46 (6.52)**
36.38 (11.35)* 3100 (10.84)*
189.95 (37.84)*° 198.83 (29.85)*"

0538

0.063

0312
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Age (years) mean (SD)

Sex (Male/Female)
Smoking history (%)
Drinking history (%)
Diabetes (%)
Obesity (%)
Hypertension (%)

Intravenous thrombolysis or

arterial embolectomy (%)

68.73 (11.08)
1614
13 (43.33%)
11(36.67%)
9 (30%)
4(1333%)
25(83.33%)

6(20%)

63.68 (12.60)
219
17(54:84%)
12(3871)
11(35.49%)
10 (32.26%)

25 (80.65%)

9(29.03%)

65.03(6.19)
16/14
10(33.33%)
13 (43.33%)
12 (40%)
9(30%)

23(76.67)

1938

2634

2869

0293

0.660

3420

0426

0671

0.150

0.268

0238

0.864

0719

0.181

0.808

0554
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Assessed for eligibility (n=70 )

Excluded (n=3 )
+ Not meeting inclusion criteria (n=0 )

+ Declined to participate (n= 3 )
+ Otherreasons (n= 0)

Randomized (n=67 )

!

Allocated to stimulation group (n=34 )
+ Received allocated intervention (n=34 )
+ Did not receive allocated intervention (n=0 )

Lost to follow-up (early discharge from
hospital) (n=3 )

Discontinued intervention (lack of motivation)
(n=0)

Analysed (n=31 )
+ Excluded from analysis (n=0 )

Allocated to rehabilitation group (n=33 )
+ Received allocated intervention (n=33 )
+ Did not receive allocated intervention (n=0 )

Lost to follow-up (early discharge from
hospital) (n=3 )

Discontinued intervention (aggravation of
disease) (n= 0)

Analysed (n=30 )
+ Excluded from analysis (n=0 )
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Question: Effects of excitatory transcranial magnetic stimulation (TMS) over the dorsolateral prefrontal cortex (DLPFC) of different cerebral hemispheres in the
global cognition for patients with post-stroke cognitive impairment (PSCI).

Setting: Hospitals.

Intervention: Excitatory TMS on the DLPFC, with or without conventional rehabilitation.

Comparison: Sham stimulation or placebo or blank control, with or without conventional rehabilitation.

Outcome measure = No of studies No of the Anticipated absolute certainty of the evidence
participants effects* (95% Cl) (GRADE)
MMSE 6 247 SMD 1.93 higher (1.38 lower to ®000
2.47 higher) Moderate®
MoCA 9 387 SMD 2.32 higher (1.5 lower to o080
3.10 higher) Moderate®

Certainty of the evidence (GRADE)

High quality: We are very confident that future research lies close to the estimate of effect.

Moderate quality: We are moderately confident in the effect estimate. Future research is likely to be close to the estimate of the effect, but there is a possibility that
it may change the estimate.

Low quality: Our confidence in the effect estimate is limited. Future research may be substantially different from the estimate of the effect and likely to change the
estimate.

Very low quality: We are very uncertain about the estimate of effect.

*The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).
CI, confidence interval; MMSE, the Mini-Mental State Examination; SMD, standardized mean difference; MoCA, the Montreal Cognitive Assessment.

*Most of the RCTs were low quality with an inadequate level of blinding and unclear risk of concealment of allocation.

bThe statistical test for heterogeneity showed that large variation (I2 > 50%) existed in point estimates due to the among study differences.
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Study name Q2 Q3 Q4 Q5 Q6 Q7 Q@8 Q9 Qi0 Qi1 Q13

Cross-sectional studies

Al-Yahya et al. (2016) 1 0 CcD 1 0 0 0 NA 1 NA 1 NA NA 1 5/10
Hawkins et al. (2018) 1 0 CD 1 0 0 0 NA 1 NA 1 NA NA 1 5/10
Liuetal. (2018) 1 1 1 1 0 0 0 1 1 NA 1 NA NA 1 8/11
Mori et al. (2018) 1 0 cD 1 0 0 0 NA 1 NA 1 NA NA 1 5/10
Chatterjee et al. (2019) 1 0 cD 1 0 0 0 1 1 NA 1 NA NA 1 6/11
Hermand et al. (2019) 1 0 CcD 1 0 0 0 1 0 NA 1 NA NA 1 5/11
Hermand et al. (2020) 1 0 CcD 1 0 0 0 1 0 NA 1 NA NA 1 5/11
Lim etal. (2022) 1 0 CD 1 0 0 0 1 1 NA 1 NA NA 1 6/11
Controlled intervention studies

Clark et al. (2021) 1 1 1 1 1 1 1 1 D 0 1 0 1 1 11/14
Collett et al. (2021) 1 0 1 1 <D 1 1 1 1 1 1 0 1 1 11/14

CD, cannot determine; NA, not applicable.
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Certainty assessment No.of patients Effect Certainty

No.of Study design  Risk of Inconsistency Indirectness Imprecision Other Dualtask  Single Relative  Absolute
studies bias considerations task (95% Cl) (95% ClI)
10 Observational Not serious® | Not serious® Not serious® Serious? All plausible residual 224 224 - SMD 0.34 ©® OO0 Low
studies confounding would reduce (0.054 to
the demonstrated effecte&h 0.626)

CI, confidence interval; SMD, standardized mean difference.

*No studies with high risk of bias were identified.

bThree studies showed inconsistent results, but the heterogeneity test I2 was < 10%.

<All studies explored-the association directly.

4The sample size of some studies was small and the confidence intervals were wide.

¢The funnel plot showed that there was no significant publication bias.

FThe effect sizes were interpreted as 0.2 for a small effect, 0.5 for a moderate effect, and 0.8 or greater for a large effect, This effect size was defined as small.

The two tasks were performed by the same subject to avoid the interference of factors such as the course of the disease, the degree of cognition and the degree of movement.

"No study found a dose response gradient.

Study design represents the types of study designs, including randomized trial, observational study and any other evidence. Risk of bias represents the possible deviation between the results of a study and the real situation due to methodological problems. Inconsistency
represents whether there are large differences in outcomes between studies.

Indirectness represents whether to compare the efficacy of two interventions directly and indirectly. Imprecision represents effect of the width of the confidence interval on the accuracy of the results. Certainty of evidence reflects the extent to which our confidence in an
estimate of the effect is adequate to support a particular recommendation.

OO represents “High”; @@ represents “Moderate”; @O represents “Low”™s @0OOQ) represents “Very low”.
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Study name Study design Participant characteristics

Type of stroke Disease duration
Al-Yahya et al. (2016) Cross-sectional 59.61 £ 15.03 Ischemic; Hemorrhagic 26.5 +27.46" 19
Hawkins et al. (2018) Cross-sectional 580493 Ischemic; Hemorrhagic 183 +£9.3* 24
Liu etal. (2018) Cross-sectional 515 Ischemic; Hemorrhagic 41.5* 23
Mori et al. (2018) Cross-sectional 61.14+93 Ischemic; Hemorrhagic NR 14
Chatterjee et al. (2019) Cross-sectional 59.6+9.7 Ischemic; Hemorrhagic 192 £10.4* 33
Hermand et al. 2019) Cross-sectional 714 £ 10.1 Ischemic; Hemorrhagic 45.5+34.5 11
Hermand et al. (2020) Cross-sectional 68.1+9.4 Ischemic; Hemorrhagic 6292 +32.61" 21
Clark etal. (2021) RCT 59.6+£9.15 Ischemic; Hemorrhagic 18.00 = 10.48% 38
Collett et al. (2021) RCT 62+ 14 Ischemic; Hemorrhagic 51£59" 21
Lim etal. (2022) Cross-sectional 6476 Ischemic; Hemorrhagic 824674 20

Represents the units are months.
bRepresents the units are days.
RCT, randomized controlled trial; N, the size of sample; NR, not reported.
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Study name Type of dual task Representative

area
Al-Yahya et al. (2016) ®ss7 Average L and R 0.69 0.96 1.02 122 pmol/L 19
Chatterjee et al. (2019) ®ss7 Average L and R 0.26 0.52 0.92 0.98 pmol/L 33
Clark etal. (2021) ®SS7 Average L and R 0.34 0.89 0.84 0.95 pmol/L 38
@Obstacles 08 1 38
Hawkins et al. (2018) ©Verbal Average Land R 02 0.58 0.68 0.98 pmol/L 24
@Obstacles 072 0.59 24
Hermand et al. (2019) ®1-back Average Land R 242 1.93 2 224 pmol/L 11
@2-back 2.69 222 11
Hermand et al. (2020) @2-back Affected NR NR NR NR pmol/L 21
@2-back Un-affected 1.04 1.02 1.49 1.65 pmol/L 21
Collett et al. (2021) ®Stroop Affected 0.67 0.26 0.33 0.38 mmol/L 15
@Planning 0.42 0.36 15
®Stroop Unaffected 0.64 0.3 0.49 0.32 mmol/L 13
@Planning 0.34 0.39 13
Lim etal. (2022) (®Easy verbal Affected 0.14 0.33 0.24 0.31 pmol/L 20
@Hard verbal 0.25 0.33 20
(®Easy verbal Unaffected 0.06 029 0.21 03 pmol/L 20
@Hard verbal 0.18 0.29 20
Mori et al. (2018) ®sS3 Average Land R —03 1.73 —0.073 0.41 AU 14

ST, single-task; DT, dual-task; N, the size of sample; SD, standard deviation; $87, serial-7 subtraction during walking: Obstacles, walking across obstacles; Stroop, auditory stroop task whilst
walking; Planning, picture-planning whilst walking; $53, serial-3 subtraction during walking; NR, not reported; L, left hemisphere; R, right hemisphere; affected, affected hemisphere; unaffected,
unaffected hemisphere.
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Target muscles Number Dose (IU)

QF+GS + TP 3 150 + 150 + 70

GS+ TP + FDL + FHL 8 150 + 70 + 70 + 50

GS + TP + FDL + FHL + 7 150 + 70 +70 + 50 + 20 + 10
FDB + FHB

GS + TP 3 150 + 70

QF, quadriceps femoris; GS, gastrocnemius; TP, tibialis posterior; FHL, flexor hallucis
longus; FDL, flexor digitorum longus; FDB, flexor digitorum brevis; FHB, flexor
hallucis brevis.
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Age (years) | Gender (n) | Hemiplegia Time (m) Disorders (n) Focal site
side (n)
Control group 54.37 £9.78 F8 L12 3.440.16 CH7 BG 16
M14 R10 CI15 BS6
Experimental group 56.47 £ 6.82 B5 L13 4.2 £0.09 CH 4 BG 14
M16 R8 Cr17 BS7

CI, cerebral Infarct; CH, cerebral hemorrhage; BG, basal ganglia; BS, brain stem.
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Type of Stimulation ~ Stimulation = Stimulation time Sample Amount  Results References

Research site frequency size of effect
Lesioned 10Hz 1 time/day, 5 days/week, 4 weeks in 9 9 Improvementin | Ni ctal. (2022)
hemisphere total upper limb
SHz 1 time/day, 6 days/weck, 10 times in 20 18 motor function | Hogomi et al.
total (2016)
10Hz 1 time/day, 20 min/time, 13days in 19 19 Improvementin | Kakuda et .
total lower limb, (2013)
S5Hz 1 time/day, 15 min/time, 3 times/ 6 6 walking speed | g etal. (2019)

week, total 3weeks
10Hz 1 time/day, 40 min/day for 2weeks 15 15 Motor function, | Wang et al. (2020)
muscle strength

improvement

10Hz I time/day, 20 min/time, 5 times/ 18 16 Improved Yin etal. (2020)
week, 4weeks in total cognitive
20Hz 1 time/day, 20 min/time, 5 times/ 10 10 function Chaetal. (2022)

week for 2weeks

50Hz(iTBS) 1 time/day, 20 min/time, 5 times/ 2 21 Chueetal. (2022)

week, total 6 weeks

10Hz 1 time/day, 30min/time, 5 times/ 1 1 Improvementin | Park etal. (2017)
week for 2weeks swallowing

5Hz 1 time/day, 30 min/day for 4 weeks 15 14 function
1 time/day, 10 min/time, for 2 weeks 9 9 Park et al. (2013)
1 time/day, 30 min/time, 5 times/ 30 2 Liu etal. (2022)

week for 2weeks

3Hz 1 time/day, 20 min/time, 5 times/ 32 21 Jiao et al. (2022)
week for 2weeks
1 time/day, 10min/day, 5 days in total 14 14 Khedr et al. (2009)
10Hz 1 time/day, 10 min/time, 10 times in 10 10 Improvementin ~ Huetal (2018)
total specch function
at 2-month
follow-up
Undiseased 1Hz 1 time/day, 20 min/time, for 2 weeks 11 11 Improvementin ~ Noh et al. (2019)
hemisphere 1 time/day, 10min/time, 5 times/ 23 21 upper limb Pan etal. (2019)

week for 2weeks motor function

1 time/day, 5 days/week, total 8 weeks 2 15 Qin etal. (20:
1 time/day, 3 days/week, 10 times in 10 10 Barros Galvio
total etal. (2014)
1 time/day, 5days/oveek for 2uweeks 17 14 Gottieb etal.
(021)

1 time/day for 15days 2 2 Long et al. (2018)
1 time/day, 20 min/day for 2wecks 9 9 Improvement of | Tosun et al.

fine motor (2017)
1 time/day, 20min/day, 5 days/week, 20 20 function of the | 51 etal. (2017)
total 2weeks hand
1 time/day, 20 min/time, 10 times in 9 9 Tretriluxana et al.
total (2013)
1 time/day, 30 min/time, 6 times/ 20 20 Yang et al. (2022)

week for 2wecks

5 times/day for 1week 10 7 Lower extremity | Rastgoo et al

motor function  (2016)

1 time/day, 6 days/week, 4 weeks in 30 30 andsspasticity | 1 eral, (2021)
Btl improvement
1 time/day, 30 min/time, 10 times in 1" 12 Wang etal. (2012)
total
1 time/day, 40 min/day for 2weeks 15 15 Motor function, | Wang etal. (2020)
muscle strength
improvement
1 time/day, 5 days/week, total § weeks 18 18 Improved Yingli etal. (2022)
cognitive
function
1 time/day, 5 days/week, 4 weeks in 30 28 Language Bai G. etal. (2022)
total function
1 time/day, 30 min/time, 5 times/ 6 6 improvement Haghighi et al
week for 2weeks (2017)
1 time/day, 10 min/day, 10 times in 10 10 Hu etal. (2018)
total
1 time/day, 20 min/time, for 15 days 36 31 Ren etal. (2019)
1 time/day, 40 min/time, 6 times/ 2 2 Aboetal. (2012)
week, 10 times in total
1 time/day, 30 min/time, 5 times/ 13 8 Waldowski et al.
week, 15 times in total (2012)
Bilateral 10Hzand 1Hz | 1 time/day, 5days/weck, 4wecks in 9 9 Improvementin | Ni ctal. (2022)
hemispheres total upper limb

motor function

1 time/day, 40 min/day for 2weeks 15 15 Motor function, | Wang et al. (2020)
muscle strength
improvement
SHzand IHz 1 time/day, 30min/day for 4weeks 15 15 Improvement in

swallowing

function
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Web of Science, Science, SCI-hub,
Google Scholar, Pubmed and other
databases retrieved 1775 articles

v

‘The number of fiterature obtained
after excluding duplicate fiterature

initial screening

was 1133
Excluding some reviews, case reports,
—> commentaries, guidelines, and expert
consensus 451 articles
682 papers were
obtained ~ after the

188 papers that did not match the study
content or the study object were
excluded by reading the abstract

Browse the
incorporating
the iterature

494 arti

abstract after

ices in

Those with unavailable original data, low
quaity literature, duplicate data in the
literature, and studies that did not meet
the inclusion criteria were excluded after
careful readin of the full text 262

Finally 232 papers were obtained, read carefully
and then wrote the article
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CG (n =13) SG (n =13) G (n =13] p value
AWAB-AQ 266244624 11185211304 2480018420 <0.001°
Aspontaneous 085+ 1.463 3.08£3278 52343.767 0.003"
AComprehension 4315603 15.3820.394 3900431815 0.001°
ARepetition 1235085 15.15£19.200 3115431704 0.005"
ANaming 14624737 538+7.995 2169425131 0.005"
AMoCA 04621198 11521281 338+4331 0.024"
AFMA 385£4356 7.6247.859 110028073 0.044"
AFMA-UE 238+3.176 5466200 82346870 0.041°
AFMA-LE 1461898 21542193 27743320 0432
AB 14.23£10576 20.00+10.408 12.69+8.567 0.154"

Data are expressed as mean & SD. A, subtract the baseline score from the 3-week score; WAB-AQ, aphasia quotient of Western Aphasia Battery; MoCA, Montreal Cognitive
Assessment; EMA, Fugl-Meyer Assessment; FMA-UE, Fugl-Meyer Assessment Upper Extremity; FMA-LE, Fugl-Meyer Assessment Lower Extremity; BI, Barthel Index; CG,
conventional group; SG, melodic intonation therapy combined with sham stimulation groups TG, melodic intonation therapy combined with transcranial direct current
stimulation.*1 -way analysis of variance.
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CG (n =13) SG (n =13) TG (n =13)

TO T1 TO T1 TO T1
WAB-AQ 35.085£37.906 | 37.746£37.172 0060 | 30138+27.582 41323423526 0008 | 24915£26579  49715£29.183  <0.001°
Spontaneous 63847.654 7237339 0.059" 5.08+6.006 81524705 0.005* 3384610 86245938 | <0.001°
Comprehension | 8531£86505  89.62+86.358 0017 8446£63763 = 99.85£52451 0019 | 10008462758  139.08+50457 0001
Repetition 43.00+45.200 | 44234343924 0400° 3785839079 | 53.00£38240 0015 | 228538773 5400841002 0004
Naming 2592440323 273840582 0288 1677624749 | 2215825848 0032 | 1785430506 395434374 0.009°
MoCA 46246936 5.08+7.740 0.190" 32386379 43826526 0.007* 36245268 70067439 0016
FMA 3115624283 35.00£25.668 0008 | 20.62£20974 | 28.23£22873 0008 | 3131£24295  4231£26033  <0.001°
FMA-UE 1700415875 | 1938+16556 0019 977414143 | 1523515595 0008 | 1569+15628 239218301 0001°
FMA-LE 141559063 | 156249760 0017 10858153 13.00+8.287 0004 | 1562+11012 183829483 | 0011
Bl 3846523838 | 5269£23859 <0001 | 3346%17957 | 534614632 <0001 | 4692£28250  59.62+24278 | <0.001°

Data are expressed as mean + SD, WAB-AQ aphasia quotient of Western Aphasia Battery; MoCA, Montreal Cogitive Assessment; FMA, Fugl-Meyer Assessment; FMA-UE, Fugl-Meyer
Assessment Upper Extremity; FMA-LE, Fugl-Meyer Assessment Lower Extremity; BI, Barthel Index; CG, conventional groups SG, melodic intonation therapy combined with sham stimulation
group; TG, melodic intonation therapy combined with transcranial direct current stimulation; T0, baseline; T1, week 3. “Paired sample T-test.
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CG (n =13) SG (n =1 G (n =13] p value

Age (years) 567749791 5546412204 63.4610.187 0.142°
Gender 0174
Female 6(46.2) 3(23.0) 8(61.5)

Male 7(538) 10(769) 5(38.5)

Education (years) 9922842 11544390 102322488 0434
Post-stroke duration (days) 122.384299.172 92232122415 241234373781 0381°
NIHSS 147747585 15544521 142325510 0857
WAB-AQ 35.08537.906 30.138:+27.582 24915226579 0709
Spontaneous 638£7.654 5086006 33824610 0475
Comprehension §531486.505 84.46£63.763 100.0862.758, 0.824*
Repetition 430045200 378539179 2285438773 0.439"
Naming 2592:440.323 167724749 17.85£30.506 07
MoCA 146246935 33246379 36245268 0.844*
FMA 3115224283 2062420974 3131224295 0414
FMA-UE 1700215875 977414143 15,69+ 15.628 0444
FMA-LE 14.15£9.063 10.85£8.153 15,62+ 11012 04310
Bl 384623838 3346417957 46.9228.250 0354

Data are expressed as mean:+SD or number of abservations (% of total observation). NIHSS, National Institute of Health Stroke Scale, WAB-AQ aphasia quotient of Western Aphasia Battery;
MoCA, Montreal Cognitive Assessment; EMA, Fugl-Meyer Assessment; FMA-UE, Fugl-Meyer Assessment Upper Extremity; FMA-LE, Fugh-Meyer Assessment Lower Extremity; B, Barthel
Index; CG, conventional groups SG, melodic intonation therapy combined with sham stimulation group: TG, melodic intonation therapy combined with transcranial direct current stimulation.
“1-way analysis of variance.

“Pearson's Chi-square test.
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Characteristics HC MCS p-value
Gender (male/female) 9/7 8/7 p>0.05
Age (years) 58.63 & 14.51 67.53 £ 16.48 p> 005
Duration (months) - 3234372 -
CRS-R scores = 9.60 2,95 -

HC, healthy controls; MCS, minimally conscious state; CRS-R, coma recovery scale-revised.
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Regions t-value p-value (FDR correction)
L_FPA 0.322 4+ 0.080 0.225 £ 0.080 3.349 0.020
R_DLPEC 0.288 £ 0.098 0.197 £ 0.097 2.605 0.047
R_FEF 0.319 £ 0.085 0.219 £0.107 2.888 0.035

NCp, nodal clustering coefficient; HC, healthy controls; MCS, minimally conscious state; L_FPA, left frontopolar area; R_DLPFC, right dorsolateral prefrontal cortex; R_FEF, right frontal eye field;

FDR, false discovery rate.
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Regions p-value (FDR correction)

L_FPA 0.369 £ 0.071 0.264 £ 0.087 3.677 0.020

R_DLPEC 0.325 £ 0.099 0.224 0.103 2.788 0.035

NLe, nodal local efficiency; HC, healthy controls; MCS, minimally conscious state; L_FPA, left frontopolar area; R_DLPFC, right dorsolateral prefrontal cortex; FDR, false discovery rate.
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Patient Gender/age
(years)

Etiology

Duration
(months)

1 MCS- F/49 Traumatic brain injury 7 10 (1/1/5/1/0/2)
2 MCS- F/79 Intracerebral infarction 15 13 (1/3/5/2/0/2)
3 MCS- M/31 Traumatic brain injury 12 11 (2/3/2/2/0/2)
4 MCS + M/70 Intracerebral infarction 1 15 (3/1/5/3/1/2)
5 MCS + M/53 Intracerebral hemorrhage 1 11 (3/1/5/1/0/1)
6 MCS- F/85 Traumatic brain injury 1.5 9 (2/3/3/0/0/1)

Intracerebral hemorrhage

8 (1/3/2/1/0/1)

8 MCS- M/70 Intracerebral infarction 1 8(2/3/2/1/0/1)
9 MCS- M/53 Traumatic brain injury 11 12 (2/3/5/1/0/1)
10 MCS- M/86 Traumatic brain injury 35 4 (0/0/3/0/0/1)
11 MCS- F/82 Intracerebral hemorrhage 1 9 (1/1/3/2/0/2)
12 MCS- M/65 Intracerebral hemorrhage 1 4(0/0/3/0/0/1)
13 MCS- F/54 Intracerebral hemorrhage 1 10 (1/3/5/0/0/1)
14 MCS- M/83 Intracerebral infarction 3 11 (0/3/5/2/0/1)
15 MCS- F/84 Intracerebral infarction 1.5 8(0/3/2/2/0/1)

MCS, minimally conscious state; CRS-R, coma recovery scale-revised.
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