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People can learn over training sessions to increase or decrease sensorimotor rhythms (SMRs) in the electroencephalogram (EEG). Activity-dependent brain plasticity is thought to guide spinal plasticity during motor skill learning; thus, SMR training may affect spinal reflexes and thereby influence motor control. To test this hypothesis, we investigated the effects of learned mu (8–13 Hz) SMR modulation on the flexor carpi radialis (FCR) H-reflex in 6 subjects with no known neurological conditions and 2 subjects with chronic incomplete spinal cord injury (SCI). All subjects had learned and practiced over more than 10 < 30-min training sessions to increase (SMR-up trials) and decrease (SMR-down trials) mu-rhythm amplitude over the hand/arm area of left sensorimotor cortex with ≥80% accuracy. Right FCR H-reflexes were elicited at random times during SMR-up and SMR-down trials, and in between trials. SMR modulation affected H-reflex size. In all the neurologically normal subjects, the H-reflex was significantly larger [116% ± 6 (mean ± SE)] during SMR-up trials than between trials, and significantly smaller (92% ± 1) during SMR-down trials than between trials (p < 0.05 for both, paired t-test). One subject with SCI showed similar H-reflex size dependence (high for SMR-up trials, low for SMR-down trials): the other subject with SCI showed no dependence. These results support the hypothesis that SMR modulation has predictable effects on spinal reflex excitability in people who are neurologically normal; they also suggest that it might be used to enhance therapies that seek to improve functional recovery in some individuals with SCI or other CNS disorders.
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INTRODUCTION

The past several decades of non-invasive brain-computer interface (BCI) research show that people can learn through a series of brief training sessions to control mu (8–13 Hz) and/or beta (18–26 Hz) sensorimotor rhythms (SMR) recorded by electroencephalogram (EEG) over sensorimotor cortex (Wolpaw et al., 1991; Wolpaw and McFarland, 1994). Such BCI-based SMR training might help to improve motor function recovery in people with CNS disorders by guiding activity-dependent brain plasticity (Dobkin, 2007; Daly and Wolpaw, 2008). Boulay et al. (2011) showed that trained SMR control affects reaction time, indicating that SMR modulation influences a simple motor performance. Furthermore, activity-dependent brain plasticity is thought to guide the spinal cord plasticity that contributes to motor skill learning (Wolpaw, 2010). To determine whether SMR modulation might be used to guide spinal cord plasticity so as to enhance functional recovery, the present study explored the impact of SMR amplitude on the size of the H-reflex (an electrical analog of spinal stretch reflex) in the forearm muscle flexor carpi radialis (FCR).

MATERIALS AND METHODS

Study Overview

The subjects were 6 people with no known neurological conditions (5 men and 1 woman; age 22–68 years) and two people with stable chronic incomplete spinal cord injury (SCI) [a 42-year-old man with a 2-yr-old incomplete SCI (AIS: American Spinal Injury Association Impairment Scale D) at C4 and a 33-year-old woman with a 10-yr-old incomplete SCI (AIS D) at C5-7]. Both people with SCI had been on stable doses of baclofen for >6 months prior to their study participation. Their inclusion was intended to provide some initial insight into the therapeutic potential of SMR training. The study was reviewed and approved by the Institutional Review Boards of Helen Hayes Hospital and the Wadsworth Center, New York State Department of Health. All subjects provided informed consent.

First, each subject learned and practiced over >10 training sessions (< 30 min/session, 2–3 sessions/week) of a BCI cursor-control task (Figure 1, fully described in, Wolpaw and McFarland, 1994, 2004; McFarland et al., 2003) to increase (SMR-up trials) and decrease (SMR-down trials) mu-rhythm (8–13 Hz) amplitude over the hand/arm area of left sensorimotor cortex (electrode C3 or CP3, Jasper, 1958; Ebner et al., 1999; Nuwer et al., 1999; Jurcak et al., 2007) with ≥80% accuracy. The number of sessions before reaching ≥80% cursor control accuracy varied across subjects (from 2 to 8). Regardless of how soon the ≥80% accuracy was achieved, all subjects completed at least 10 training sessions. In these sessions, 32 channels of EEG were collected with active electrodes (g.tec Medical Engineering GMBH, Austria) and the general-purpose BCI software platform BCI2000 (Schalk et al., 2004). EEG was sampled at 256 Hz, referenced to the left earlobe (ground at the forehead electrode AFz) (Jasper, 1958; Ebner et al., 1999; Nuwer et al., 1999; Jurcak et al., 2007). EEG features (logarithms of the amplitudes in 3-Hz-wide frequency bands) were extracted by a surface-Laplacian spatial filter (McFarland et al., 1997) and autoregressive spectral estimation (model order 16) (Marple, 1987; McFarland and Wolpaw, 2008). Features in the mu-rhythm frequency range at C3 or CP3 controlled cursor movement. Every 100-ms, their values for the previous 200-ms segment were calculated and converted into vertical cursor movement by a linear equation. At the beginning of each cursor-movement trial, a target appeared randomly at the top right or the bottom right of the screen and the cursor appeared in the middle of the left edge of the screen. The cursor moved from left to right at a constant rate; the subject learned to control SMR amplitude to move the cursor up or down so that it hit the target when it reached the right edge. Each training session included 10 blocks of 16-18 trials each.
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FIGURE 1. Subjects learn over a series of training sessions to use SMR amplitudes in the μ (8–12 Hz) frequency band over left sensorimotor cortex (at/around the C3 or CP3 electrodes) to move a cursor vertically while it moves from left to right at a constant rate (Wolpaw et al., 1991; Wolpaw and McFarland, 1994; McFarland et al., 2003). (1) a target appears; (2) 1 s later the cursor appears and moves in two dimensions with vertical movement controlled by the subject's SMR amplitude; (3) the cursor reaches the target and the target flashes for 1 s; (4) the screen is blank for 1 s; and then (5) the next trial begins. (If the cursor misses the target, the flash does not occur, the screen simply goes blank for 2 s.) In each training session, the participant goes through 10 blocks of ≈18 SMR trials each, separated by ≥1-min rest periods.



After >10 training sessions, (i.e., fully trained to hit the target at ≥80% accuracy), the subject began the H-reflex component of the study in which the right FCR H-reflex was elicited during SMRup and SMRdown trials and in between trials.

H-Reflex Recording

Surface EMG activity from FCR and its antagonist extensor carpi radialis (ECR) was amplified, band-pass filtered (10–1,000 Hz), and sampled at 3,200 Hz. To elicit the FCR H-reflex, the median nerve was stimulated in the cubital fossa, using surface Ag-AgCl electrodes (2.2 × 2.2 cm) and 0.5-ms square pulses. Stimulation was delivered when the subject had maintained 5–15% maximum voluntary contraction (MVC) level of FCR EMG activity with resting level ECR activity (typically < 10 μV) for at least 2 s. For all H-reflex measurements, the subject's right arm was strapped to a custom-made arm support platform with the shoulder at ≈90° in the sagittal plane and ≈40° in the transverse plane, the elbow at full extension, and the hand in full supination.

To determine the stimulus intensity that elicited a submaximal H-reflex with a small M-wave, the FCR H-reflex/M-wave recruitment curve was obtained while the subject maintained the preset levels of FCR and ECR EMG activity (Zehr and Stein, 1999; Kido et al., 2004). This stimulus intensity was used to elicit the H-reflex during SMRup trials, SMRdown trials, and in between trials (see below). Then, the subject with right arm on the platform completed; a block of 16–18 SMRup or SMRdown trials with no voluntary EMG activation (i.e., similar to the SMR cursor task training sessions except for the arm and hand position); and a second block of 16–18 SMRup or SMRdown trials with the preset levels of FCR and ECR EMG activity without H-reflex elicitation. After these blocks confirmed that the subject was able to perform the SMR cursor task with ≥80% accuracy in this arm-hand position while maintaining the preset levels of FCR and ECR EMG activity, FCR H-reflex testing began.

While the subject performed cursor-movement trials [i.e., trials that required SMR increase (SMRup) or decrease (SMRdown)], median nerve stimulation occurred at random times during the trials and in between trials when FCR and ECR EMG activity met the preset requirements. About 30 H-reflexes were obtained from each subject in each of the three conditions (SMRup trials, SMRdown trials, in between trials).

Data Analysis

Rectified EMG activity in the 50-ms pre-stimulus period was averaged for each trial to measure the background activity level. The FCR H-reflex and the M-wave amplitudes were measured as peak-to-peak values in time windows determined for each subject. Typical time windows were 3-13 ms post-stimulus for the M-wave and 18–27 ms for the H-reflex. To ensure that the H-reflexes were measured with the same background EMG levels and the same stimulus intensity in all three SMR conditions, FCR and ECR background EMG and M-wave size were compared across the three conditions for each subject. Any trials that occurred with too large or small M-waves or background EMG levels were eliminated from the analysis. After removing these trials, 15–30 trials were averaged for each condition of each subject.

RESULTS

Background EMG levels and M-wave size did not differ among SMRup, SMRdown, and in between conditions (p > 0.12 for FCR and ECR background EMG and the M-wave size by repeated measures ANOVA). Thus, the difference in H-reflex size among conditions can be confidently attributed to the SMR control.

In all 6 normal subjects, the FCR H-reflex was larger during SMRup trials and smaller during SMRdown trials, compared with in between trials. Figure 2A shows typical H-reflex responses during SMRup and SMRdown trials. A repeated-measures ANOVA and t-test with Bonferroni correction showed that H-reflex sizes in SMRup and SMRdown trials differed significantly from each other (p = 0.02 by ANOVA and p = 0.0068 by t-test). Figure 2B displays SMRup and SMRdown H-reflex sizes normalized to the between-trial H-reflex size in individual subjects. Group mean ± SE H-reflex size was 116 ± 6(SE)% for SMRup and 92 ± 1% for SMRdown trials.
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FIGURE 2. Effects of learned SMR control on the FCR H-reflex. (A) FCR H-reflex during the SMRup (red, solid) and SMRdown (blue, dashed) trials in subject D. About 20 responses were averaged together for each sweep. (B) Average FCR H-reflex sizes during SMRup (red) and SMRdown (blue) trials in normal subjects (A–F) and subjects with SCI (G and H). Group data for normal subjects are also included: H-reflex size averages 116 ± 6 (mean ± SE)% for SMRup trials and 92 ± 1% for SMRdown trials.



In one of the subjects with SCI (Subject G), FCR H-reflex was modulated across the three SMR conditions (Figure 2B) as it was in normal subjects. In the other person with SCI (Subject H), H-reflex modulation across the conditions was not significant.

DISCUSSION

SMR activity in the μ and β rhythm frequency range decreases before and during active movement (Pfurtscheller, 1989; Pfurtscheller and Neuper, 1994; Pfurtscheller et al., 2006; Klimesch et al., 2007; Boulay et al., 2011; McFarland et al., 2015). Such SMR decrease, called event-related desynchronization (ERD), is also associated with motor imagery (McFarland et al., 2000). Indeed, in the initial stages of BCI-based SMR training, people often imagine moving (or not moving) to decrease (or increase) SMR amplitude (Wolpaw and McFarland, 2004). As they acquire SMR control, such imagery tends to drop away (Wolpaw and McFarland, 2004). Motor imagery increases corticospinal excitability (Kasai et al., 1997; Rossini et al., 1999; Stinear and Byblow, 2004; Stinear et al., 2006a,b; Bakker et al., 2008; Kang et al., 2011; Gündüz and Kiziltan, 2015; Kato et al., 2015; Im et al., 2016; Tatemoto et al., 2017) and resting motoneuron excitability (Gündüz and Kiziltan, 2015). Studies of the impact of motor imagery on the H-reflex are less consistent in their results (Oishi et al., 1994; Abbruzzese et al., 1996; Yahagi et al., 1996; Bonnet et al., 1997; Kasai et al., 1997; Hashimoto and Rothwell, 1999; Hale et al., 2003; Patuzzo et al., 2003; Cowley et al., 2008; Aoyama and Kaneko, 2011; Jarjees and Vuckovic, 2016). The discrepancies among studies probably reflect differences in the imagery (e.g., visual vs. kinesthetic, Neuper et al., 2005), as well as in H-reflex testing methods. Many studies measure the H-reflex when the muscle is inactive; they do not control for subthreshold changes in motoneuron excitability, which may markedly affect H-reflex size (Stein and Thompson, 2006).

In the present study, the FCR H-reflex was always measured in the presence of a given level of ongoing FCR EMG activity and M-wave size was kept stable; thus, motoneuron pool excitability and effective stimulus intensity were the same across the three SMR conditions (i.e., SMRup trials, SMRdown trials, and in between trials). The results were quite clear: the H-reflex was larger when SMR amplitude was high and smaller when SMR amplitude was low. Boulay et al. (2015) found a similar positive correlation between H-reflex size and SMR amplitude in rats.

In general, SMR amplitude in the mu-beta range is inversely correlated with cortical activation; high SMR [i.e., event-related synchronization (ERS)] reflects cortical inhibition, low SMR (ERD) reflects cortical activation (reviewed in Klimesch et al., 2007). SMR in the hand area of sensorimotor cortices decreases during movement planning or execution (Pfurtscheller, 1989; Pfurtscheller and Neuper, 1994; Pfurtscheller et al., 2006); and voluntary modulation of pre-movement SMR affects subsequent behavior (Boulay et al., 2011; McFarland et al., 2015). When SMR amplitude decreases, cortical drive to spinal motoneurons increases (Rossini et al., 1991; Rau et al., 2003; Zarkowski et al., 2006; Sauseng et al., 2009; Takemi et al., 2013). When cortical drive to the motoneurons is increased by demanding motor tasks [e.g., beam-walking vs. treadmill-walking, (Llewellyn et al., 1990), greater postural complexity during standing (Yamashita and Moritani, 1989)], the H-reflex is smaller. This H-reflex suppression is thought to be mediated through corticospinal excitation of Ia inhibitory interneurons (Iles and Pisini, 1992; Nielsen et al., 1993) and/or interneurons affecting presynaptic inhibition of Ia afferents (Iles, 1996; Meunier and Pierrot-Deseilligny, 1998; see also Chen and Wolpaw, 2002; Chen et al., 2002).

Because learned SMR control can influence H-reflex size, it might serve as an aid in operant conditioning of the H-reflex, which can help to improve impaired locomotion after incomplete SCI (Manella et al., 2013; Thompson et al., 2013). As discussed by Thompson et al. (2009), an operant conditioning protocol can increase or decrease a targeted H-reflex. H-reflex change has two components: task-dependent adaptation that begins in several sessions and is thought to reflect plasticity in the brain; and subsequent long-term change that progresses gradually over sessions, is thought to reflect spinal plasticity, and persists after conditioning ends (Thompson et al., 2009). In this context, it is interesting to note that the magnitude of H-reflex change found in the present study (i.e., Figure 2B), is similar to the magnitude of task-dependent adaptation in the H-reflex produced by the H-reflex operant conditioning protocol (Thompson et al., 2009). This suggests that SMR training might be used to guide, and possibly even enhance, task-dependent adaptation in the H-reflex. It might thereby increase the conditioning success rate and augment the rapidity and magnitude of the long-term spinal plasticity that can trigger wider plasticity so as to improve complex motor functions (e.g., locomotion) after SCI or in other disorders (Thompson et al., 2013; Wolpaw, 2018). Such effects could increase the clinical efficacy and practicality of spinal reflex operant conditioning protocols.
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