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Editorial on the Research Topic
 The brain meets the body: neural basis of cognitive contribution in movement for healthy and neurological populations





Cortical activation in movement

The human brain comprises billions of neurons forming an intricate network of interactions (Baars and Gage, 2010). Our understanding of brain function has progressed in recent decades (Sakkalis, 2011), delving into the basis of human behavior and function.

Most of everyday human movements are deceptively complex and only appear easy because of extensive practice. Cortical and subcortical networks, known to be involved in the planning and execution of movement (Meirhaeghe et al., 2023), are difficult to assess with imaging techniques in real-time (Sisti et al.). Therefore, modern research is increasingly interested in understanding this mechanism through dual-task conditions, exploiting external stimulations, such as acoustic or visual stimuli, to investigate cortical functioning in motor tasks execution (Bajaj et al., 2015; De Bartolo et al., 2020, 2021; Verna et al., 2020). In this Research Topic, Li et al. investigated whether Tai Chi (TC) practice can improve the brain connectivity of the prefrontal lobe. The authors showed a positive effect of TC on the frontal and temporal networks associated with decision making and abstract thinking. Furthermore, this study investigated the role of cognitive control in the realization of a motor performance, thus linking the improved activation of the prefrontal lobes to the enhancement of the brain functional neuroplasticity. Therefore, authors suggested that TC has a crucial role in improving the physical and mental health of college students, providing scientific guidance for the promotion of TC on campus.

Using fNIRS and virtual reality (VR), Zheng et al. detected the activation of the cerebral cortex under different VR interaction modes, exploring the optimal feedback associated to the improvement and the effectiveness of rehabilitation training with robots. Authors evaluated the effects of multiple VR interaction modalities based on force-haptic feedback combined with visual or auditory stimuli, finding that the multisensory integration is conducive to a stronger cortical activation due to the interaction effect between visual and auditory feedback. These results provided a theoretical basis for the optimal design of rehabilitation robots thus formulating potential VR-based clinical schemes.

Song et al. detected with fNIRS a strong network activity in the bilateral prefrontal, motor, and occipital cortex following a motor exertion based on a race-walking task. These real-time changes reflected different brain network-specific characteristics, suggesting that a more extensive brain activation is needed to process information about speed. Authors suggested that increased motor activity may facilitate the integration of proprioception and motor planning involved in coordinated actions. Finally, in this Research Topic Strong et al. used fMRI to identify brain regions associated with the proprioceptive sense of joint position of the knee in people with injury to the anterior cruciate ligament. Using a knee joint position sense test during simultaneous fMRI, the authors observed significant correlations with increased ipsilateral response in the anterior cingulate, supramarginal gyrus and insula, and sensorimotor processes, body schema and interoception These results provided further insights into brain response to proprioception among different populations.



Postural control and the neuro-muscular investigation

Regulation and control of posture represent a challenge for the body's neuromuscular control system (Hayes, 1982; Munoz-Martel et al., 2019; Martino Cinnera et al., 2022) and its dysfunction affects the daily living activity of neurological patients (Nonnekes et al., 2018). The review proposed by Chaudhary et al., addressed the role of the visual system and its interaction with the vestibular system to maintain postural stability. Authors outlined how visual-vestibular interactions enhance postural stability by interpreting the head's position and generating eye movements accordingly, which helps differentiate self-motion or external motion and achieve gaze stabilization and postural control. Indirect measurement of brain responses to postural changes is also addressed through the assessment of neuromuscular and motor functions, as in the investigation of defense mechanisms adopted to keep the body away from the stimulus (Graziano and Cooke, 2006; Belluscio et al., 2023). In humans the space directly surrounding the body at a grasping distance has been depicted as defensive peripersonal space for tactile (Rizzolatti et al., 1997) or auditory stimulation (Ladavas et al., 2001), closer the stimulation to the head stronger behavioral response was found (Versace et al., 2019). Hamada et al. used EMG to investigate how the prediction of an auditory stimulus site of the head may induce a defense response of the body swaying in the opposite direction, unraveling the specific contribution of the gastrocnemius muscle.

Zipser-Mohammadzada et al. investigated the relationship between intramuscular coherence and corticospinal dynamic balance control during a visually guided walking treadmill task through EMG recordings in a group of incomplete spinal cord injury patients (iSCI). This study provided a reliable measure of adaptive walking ability in individuals with iSCI, thus contributing to new knowledge about supra-spinal locomotor control.

Finally, Schueren et al. explored the role of a somatosensory illusion influencing the postural after-effects of standing on an inclined surface. Using a force plate, the authors showed that lower extremity manipulation is a useful intervention to treat postural stability. This study contributes to the growing body of evidence that manipulation of the lower extremities can drive global postural changes, as well as influence standing behavior.

This Research Topic collected significant contributions to the advancement of the motor-cognitive interplay. The integrative use of novel neuroscientific techniques strives for an in-depth investigation of motor behavior, assuming a multidisciplinary approach to the study of brain–behavior relations also in neurological populations. This will enable neuroscientific knowledge to be effectively translated for clinical practice.
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The visual system is a source of sensory information that perceives environmental stimuli and interacts with other sensory systems to generate visual and postural responses to maintain postural stability. Although the three sensory systems; the visual, vestibular, and somatosensory systems work concurrently to maintain postural control, the visual and vestibular system interaction is vital to differentiate self-motion from external motion to maintain postural stability. The visual system influences postural control playing a key role in perceiving information required for this differentiation. The visual system’s main afferent information consists of optic flow and retinal slip that lead to the generation of visual and postural responses. Visual fixations generated by the visual system interact with the afferent information and the vestibular system to maintain visual and postural stability. This review synthesizes the roles of the visual system and their interaction with the vestibular system, to maintain postural stability.
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INTRODUCTION

Postural control requires continuous regulation of information from three systems- the visual, the vestibular, and the somatosensory (Massion, 1994; Samuel et al., 2015; Ivanenko and Gurfinkel, 2018). A key prerequisite for postural control is accurate interpretation and integration of information from the visual and vestibular systems. The interpretation and integration allow differentiation between self-motion and external motion (Redfern et al., 2001; Júnior and Barela, 2004; Guerraz and Bronstein, 2008; Rogers et al., 2017). This review focuses on fundamental concepts of the visual system and its interaction with the vestibular system required for this differentiation and will outline how it underpins efficient postural control. Postural control during conditions when vision is occluded, is not included in this review. For the purpose of this review proprioceptive information from the extraocular muscles is included as a part of the visual system, however, a more comprehensive discussion of the proprioceptive system is beyond the scope of this review. Balance is a complex function and involves multiple systems including the somatosensory, visual, and vestibular systems along with contributions from a variety of reflex control mechanisms. Whilst these are all important for postural control, this review focuses on the integration of the visual and vestibular systems.

Self-motion and motion of an object in the environment whilst a person is stationary cause a similar visual stimulation (Redfern et al., 2001; Fushiki et al., 2005; Melcher, 2011). For example, a head turn causes movement of a scene relative to the retina similar to that caused by an object’s movement within an environment, yet we perceive the environment as stationary when turning the head (Wallach, 1987; Melcher, 2011; Ivanenko and Gurfinkel, 2018). The differentiation of self-motion and external motion is essential as many everyday tasks such as walking, and driving require accurate interpretation of motion to perform each task effectively.

There are a number of reviews discussing the roles of the visual system and the vestibular system in postural control (Guerraz and Bronstein, 2008; Cullen, 2012). However, the authors of this review identified a need to synthesize key concepts of the interaction between the visual and vestibular systems. The current review outlines how this interaction underpins the differentiation of self-motion and external motion to maintain visual and postural stability.



OVERVIEW OF THE VISUAL SYSTEM

The visual system consists of the central visual system (fovea) and the peripheral visual system. The central visual system recognizes objects and object motion, whereas the peripheral vision is sensitive to moving scenes and dominates the awareness of self-motion and postural control (Dichgans and Brandt, 1978; Warren and Kurtz, 1992; Nougier et al., 1997; Berencsi et al., 2005; Guerraz and Bronstein, 2008). To maintain postural control and navigate in an environment, we need a balance between the central and peripheral vision to determine the spatial orientation of self and objects in an environment. As we move, the relationship between self, and objects in the environment changes. Accurate interpretation of these relationships using information from the visual system, helps differentiate self-motion from external motion. The following paragraph introduces three key concepts that help achieve this differentiation, optic flow, retinal slip, and visual fixations.

Optic flow is the pattern of motion of the external world over the retina and forms a part of the afferent information to the visual system (Koenderink, 1986; Warren et al., 2001; William, 2004). For example, when walking past a line of trees, there is a changing pattern of optic flow generated on the retina. Retinal slip is the movement of the visual image on the surface of the retina due to movement of the eyes and head (Strupp et al., 2003; Gielen et al., 2004; Glasauer et al., 2005). Visual fixations allow maintenance of gaze on a point and have a key role in suppressing optic flow and retinal slip, which then improves visual and postural stability (Martinez-Conde et al., 2004; Martinez-Conde, 2006; Martinez-Conde and Macknik, 2008; Otero-Millan et al., 2014). The review will focus on these three central concepts of the visual system and their interaction with the vestibular system.



OVERVIEW OF THE VESTIBULAR SYSTEM

The vestibular system comprises the peripheral and central vestibular systems and serves a wide variety of functions such as postural control, gaze stabilization, conscious perception, autonomic regulation, and navigation. This review will focus on its role in postural control and gaze stabilization (Highstein et al., 2004; Tascioglu, 2005; Kanegaonkar et al., 2012; Khan and Chang, 2013; Dieterich and Brandt, 2015; Casale et al., 2020). It mediates our position in space relative to gravity and perception of self-motion by providing the sensory input to adjust position of the eye, head, and body.

The peripheral vestibular receptors provide information about the motion of the head in three dimensions. The central vestibular pathways use this information to control the reflexes and perception of self-motion (Raphan et al., 2001; Roy and Cullen, 2002; Dieterich and Brandt, 2015). The vestibulo-ocular reflex and the optokinetic reflex interact with the visual system to maintain visual and postural stability (Pettorossi et al., 1996; Kandel et al., 2000; Raphan and Cohen, 2002).

The vestibulo-ocular reflex (VOR) is a gaze stabilizing reflex which stabilizes the retinal image by rotating the eyes in the opposite direction to head movements (Paige et al., 1998; Straube, 2007; Dieterich and Brandt, 2015). It is divided into two parts: the angular VOR and the translational VOR. The angular VOR, mediated by semi-circular canals, compensates for rotational movements of the head. The translational VOR is mediated by otoliths and compensates for translation movements of the head. Gaze stabilization mediated by the VOR helps reduce optic flow and therefore retinal slip generated in response to self-motion or external motion.

Visually perceived orientation of the environment provides cues to verticality but can sometimes confound orientation. To interpret visual cues properly, the contributions of object-in-world and eye-in-world orientations from the retinal images must be reconciled to ensure an accurate perception of verticality (Sunkara et al., 2015). The vestibular system as a gravitational receptor has a fundamental role in verticality perception (Dakin and Rosenberg, 2018). This vestibular contribution to verticality perception helps to transform visual information from an eye-centered reference frame into a gravity-centered reference frame to achieve stable postural control (Dakin and Rosenberg, 2018).



INTEGRATION

The generation of vestibular reflexes in response to visual input signifies an intimate relationship between the visual and the vestibular system such as seen in the optokinetic reflex. This reflex responds to input from the otolith organs and regulates eye position during head rotation and tilting (Mestre and Masson, 1997; Kandel et al., 2000; Tsutsumi et al., 2007). It is a combination of slow-phase and fast-phase eye movements where the eyes momentarily follow a moving object, then rapidly reset to the initial position. The optokinetic reflex is generated in response to large field movements and movement of objects in the peripheral visual field. The following sections outline visual-vestibular interactions at a functional and neuronal level.

There are three sections: (1) optic flow and postural control: this section describes how optic flow is generated, what it is used for and its role in postural control, (2) retinal slip, vestibulo-ocular reflex, and postural control: this section emphasizes how the retinal slip is interpreted and its interaction with the vestibular system to maintain postural control, (3) visual fixations and postural control: this section incorporates the role visual fixations play in postural control by interaction with the optic flow and the retinal slip. Finally, visual-vestibular interaction is discussed at the neuronal level.


Optic Flow and Postural Control

When a person moves in an environment, it is necessary to differentiate self-motion from external motion to maintain postural stability (Wertheim, 1994; Redfern et al., 2001; Fajen and Matthis, 2013; Ramkhalawansingh et al., 2018). This distinction is dependent on perceiving whether the motion of an image on the retina is the result of a person moving relative to an object or an object moving relative to the person.

Movement of an observer in a stationary environment is interpreted as self-motion as it generates patterns of optic flow specific to self-motion (Gibson, 1950; Lappe et al., 1999; Barela et al., 2009; Fajen and Matthis, 2013). In the presence of object motion along with self-motion, the resultant optic flow is the vector sum of the object motion and self-motion components (Warren et al., 2001; Royden and Connors, 2010; Fajen and Matthis, 2013). Therefore, to achieve differentiation between self-motion and object motion, the visual system must separate the object motion component from the self-motion component. This is achieved by comparing visual information of self-motion and non-visual information of self-motion (Rushton and Warren, 2005; Guerraz and Bronstein, 2008; Royden and Connors, 2010; Fajen and Matthis, 2013). Visual information is known as retinal signal and non-visual information as the reference signal. The reference signal includes proprioceptive feedback from the extraocular muscles, the somatosensory system, vestibular afferents, and cognition. When the retinal and reference signals match, the object is perceived as stationary (the person is moving relative to the object; self-motion), when they differ, object motion is perceived (the object is moving relative to the person; object motion) (Wertheim, 1994; Wolsley et al., 1996b; Freeman, 2007; Guerraz and Bronstein, 2008; Bogadhi et al., 2013).

The optic flow pattern created during self-motion is not consistent throughout the visual field (William, 2004; DeAngelis and Angelaki, 2012). During self-motion, optic flow expands radially outwards and is projected on to the center of the retina with a focus of expansion aligned with the direction of movement, known as radial flow. In the peripheral field, optic flow remains parallel to the line of motion and sweeps past the observer, known as lamellar flow (Warren et al., 2001; Turano et al., 2005; Guerraz and Bronstein, 2008; Royden and Connors, 2010). If the object is not moving parallel to the observer, the direction of optic flow deviates from the radially expanding background flow and allows detection of the object motion during self-motion. These optic flow patterns from the environment also provide spatial-temporal information required for spatial orientation and visual navigation (Redlick et al., 2001; Warren et al., 2001; Angelaki and Hess, 2005).

In addition to optic flow, vestibular signals are important for inferring self-motion (Telford et al., 1995; Ohmi, 1996; Warren et al., 2001; Fetsch et al., 2007, 2009; Gu et al., 2008; Dokka et al., 2015). The visual and the vestibular systems have their optimal frequency ranges for providing precise cues for self-motion. The vestibular system provides information about the angular and linear acceleration of head in space, providing inputs for detecting self-motion. Information from the vestibular system is important in instances when optic flow elicits an illusion of self-motion known as vection (Brandt et al., 1972; Berthoz et al., 1975; Telford et al., 1995; Harris et al., 2000; Bertin and Berthoz, 2004). The most common real-life example of vection is, when sitting in a stationary train, movement of a neighboring train causes illusory movement of the stationary train. In such instances, a combination of information from the visual and vestibular systems is necessary to determine self-motion accurately.



Retinal Slip, Vestibulo-Ocular Reflex, and Postural Control

Retinal slip is the afferent signal used to generate visually evoked postural reactions (Wertheim, 1994; Wolsley et al., 1996a; Guerraz and Bronstein, 2008; Lacour et al., 2018). These postural reactions’ objective is to lessen the amplitude of optic flow changes (Masson et al., 1995; Barela et al., 2009). Retinal slip is used as feedback for compensatory sway by the central nervous system (Wolsley et al., 1996a; Strupp et al., 2003; Guerraz and Bronstein, 2008).

During self-motion, objects within the visual scene move on the retina generating retinal slip, this can lead to a blurry perception of the scene and the object. To avoid this, visual and vestibular systems co-function to compensate for retinal slip by generating compensatory eye movements (Miles and Busettini, 1992; Miles, 1998; Angelaki and Hess, 2005). The eye movements comprise a vestibular driven foveal stabilization reflex known as the translational vestibular-ocular reflex (TVOR) and the visual system induced ocular following reflex (OFRs) (Miles and Wallman, 1993; Miles, 1998; Yang et al., 1999). The compensatory eye movements help maintain the target stationary on the retina while objects at different distances in the scene move relative to one another thus minimizing retinal slip (Miles and Busettini, 1992; Angelaki et al., 2003; Angelaki and Hess, 2005). The TVOR generates eye movements with an amplitude corresponding with the viewing distance (Schwarz and Miles, 1991; Angelaki and McHenry, 1999; Hess and Angelaki, 2003). The amplitude of TVOR eye movements increases as the target gets closer to the observer, enabling quick compensation for the retinal slip induced by self-motion (Angelaki and McHenry, 1999; Angelaki and Hess, 2005). The remaining retinal slip is stabilized by the ocular following reflexes (OFRs). OFRs generated in response to lamellar flow comprise conjugate vertical and horizontal eye movements. To compensate for radial flow, vergence OFRs are generated. Like TVOR, generation of OFR also depends on the viewing distance. However, TVOR dominates the compensation for first 10 milliseconds of self-motion (Schwarz and Miles, 1991; Busettini et al., 1997; Ramat and Zee, 2003).

The complexity of retinal slip increases when the observer moves closer to an object, or the object lies at an angle to the direction of motion. To maintain the body in a stable position, retinal slip must be minimized (Gielen et al., 2004). To minimize retinal slip, the amplitude of postural sway should be equal to movement of the optic flow in a direction that decreases the overall amplitude of the optic flow, which can be destabilizing for the observer (Strupp et al., 2003). To prevent destabilization, the nervous system receives information about the retinal slip by the compensatory eye movements, the TVOR, and OFR. The eye movements break down the optic flow into three components: translation, divergence, and rotational components. The disintegration minimizes the retinal slip providing cues to the central nervous system regarding the resultant retinal slip against which the compensatory postural sway is generated (Gielen et al., 2004; Angelaki and Hess, 2005). Thus, both TVOR and the OFR eliminate retinal slip maintaining visual acuity on the fovea and enabling the nervous system to provide a compensatory sway allowing the observer to maintain upright stance (Strupp et al., 2003; Angelaki and Hess, 2005).

The functioning of the VOR depends on three significant context variables; the head movement characteristics (known as stimulus context), fixation during head movements (known as fixational context), and the motion of visual target (known as visual context) (Paige, 1996; Paige et al., 1998). The head movement characteristics mainly involve the frequency and amplitude of motion. Both AVOR and LVOR operate at high frequencies (Paige et al., 1998; King and Shanidze, 2011).

For maintained fixation during head movement, VOR compensates for both translational and rotational components. Compensation is dependent on fixation distance. Fixation on a distant target requires little eye movement, as the object gets closer a larger amplitude of ocular responses is generated (Schwarz and Miles, 1991; Paige et al., 1998; Telford et al., 1998).

The mode of visual-vestibular interaction is dependent on whether the visual target is stationary or moving. If a visual target is stationary, the VOR efficiently compensates for any sudden perturbations of the head in space. Activities such as locomotion achieve gaze stability by activating semi-circular canal afferents through head movements, triggering the VOR. The eye movements generated are so accurate that there is no retinal slip, maintaining high visual acuity and gaze stability (Paige et al., 1998; Straube, 2007; Fetsch et al., 2009; Dokka et al., 2015).



Visual Fixations and Postural Control

Visual fixations keep our eyes fixed on a target while viewing a scene. Visual fixations occur between saccades, contribute to 80% of the visual experience and are essential for visual processing (Martinez-Conde, 2006; Martinez-Conde and Macknik, 2008; Otero-Millan et al., 2014; Snodderly, 2016). Within periods of visual fixations, there are small eye movements. These small eye movements are required to overcome the neural mechanisms that lead to normalizing responses in cases of constant or uniform visual stimulation (Murakami and Cavanagh, 2001; Martinez-Conde et al., 2004; Martinez-Conde, 2006; Martinez-Conde and Macknik, 2008; Otero-Millan et al., 2012, 2014; Rucci and Poletti, 2015; Snodderly, 2016).

Visual fixations have an important role in reducing optic flow, minimizing retinal slip, and suppressing the optokinetic response (Pola et al., 1995; Glennerster et al., 2001; Murakami and Cavanagh, 2001; Uchiyama and Demura, 2009; Hoppes et al., 2018). Minimizing optic flow and retinal slip is essential as sometimes information from optic flow is destabilizing leading to generation of vection or an optokinetic response (Brandt et al., 1972; Dichgans and Brandt, 1978; Júnior and Barela, 2004; Barela et al., 2009; Dokka et al., 2015). Both instances can erroneously evoke destabilizing postural responses making a person feel unsteady and in the worst case can contribute to a fall. Interpreting information from optic flow becomes more complicated in naturalistic conditions and is significantly altered during eye and head movements and by motion of objects in the visual field (Barela et al., 2009; Fajen and Matthis, 2013; Hoppes et al., 2018). By maintaining the gaze at a single point within a scene, visual fixations increase visual stability and enhance postural control by suppressing the perception of motion within the visual field. This helps maximize the peripheral vision and provide a steady image to amplify the visual signals of self-motion (Bense et al., 2005; Martinez-Conde and Macknik, 2008; Fetsch et al., 2009; Dokka et al., 2015; Thomas et al., 2016). Sensory information from extraocular muscles then helps implementation of postural reactions (Wolsley et al., 1996b; Ivanenko and Gurfinkel, 2018).

Large field visual motion typically generates the optokinetic response (Mestre and Masson, 1997; Valmaggia and Gottlob, 2002; Tsutsumi et al., 2010). Such stimuli can lead to two interpretations; a normal one in which the observer perceives himself stationary in a moving environment or an abnormal one leading to a perception of self-motion, where moving surroundings appear stationary. Naturally, the optokinetic response is suppressed by maintaining visual fixation (Chambers and Gresty, 1982; Pola et al., 1995; Bense et al., 2005; Tsutsumi et al., 2007). Suppression of optokinetic response is required to maintain a steady image and perceive a stable world; visual-vestibular interaction is essential for visual and postural control (Bense et al., 2005; Roberts et al., 2013; Garzorz and MacNeilage, 2017). An example of this is while driving; the driver moves rapidly past stationary and moving objects, seen in the peripheral vision which would generate a rapid ocular response, if visual fixation was not able to be maintained on the road.

Visual fixations have a key role in maintaining postural stability as visually fixating on a target decreases postural sway (Wyatt et al., 1988, 1995; Miles and Wallman, 1993; Wallman, 1993; Uchiyama and Demura, 2009; Thomas et al., 2016; Murphy et al., 2019). Two theories have been used to explain visual fixations’ role in postural stability (Murakami and Cavanagh, 2001; Guerraz and Bronstein, 2008). The inflow theory suggests that proprioceptors in the extraocular muscles provide information about the degree of eye movements, leading to an interpretation of body shifts during postural sway. However, the outflow theory has now superseded the inflow theory. It suggests a feedforward mechanism based on the efferent copy of a motor command utilized by the central nervous system to maintain visual consistency. In this theory the magnitude of eye movements is anticipated in a feed-forward manner which provides a better explanation of what we see Figure 1.


[image: image]

FIGURE 1. Conceptual model of visual-vestibular interaction to differentiate self-motion from external motion to maintain postural stability.





NEURONAL CONTROL OF VISUAL-VESTIBULAR INTERACTION

There is a large literature around neuronal control of visual-vestibular interaction. For this review, we are restricting discussion to brain areas involved in visual-vestibular interaction, neuronal mechanism for visual fixation control and interaction between these areas to maintain gaze and postural stability.

Visual-vestibular interaction is necessary to estimate and continuously update the body position in space and to distinguish self-motion from external motion. Explanation of this interaction has been widely studied in Macaque monkeys. The exact neural mechanisms for visual-vestibular integration in humans is less well understood (Roberts et al., 2017; Smith et al., 2017). Early studies have reported activation of the occipito-temporal cortex, posterior parietal cortex, and subcortical structures with reduced activation within posterior insular cortex during visual motion (Brandt et al., 1998; Dieterich et al., 1998; Kleinschmidt et al., 2002; Bense et al., 2006). Studies using caloric vestibular stimulation identified activation of similar regions with increased activity in posterior insular cortex (Bense et al., 2005, 2006).

These findings led to the current hypothesis of reciprocal visual-vestibular interaction based on reciprocal inhibition (Brandt et al., 1998). Visual-vestibular interaction depends on the pattern of visual motion as well as the active postural and locomotor tasks. This requires the nervous system to weigh out the more reliable sensory information and is known as sensory reweighting (see following for a more detailed discussion, Peterka, 2002; Assländer and Peterka, 2014). Functionally, during a constant visual input, there should be a decrease in the vestibular system’s sensitivity to head acceleration. This is essential to avoid mismatch between visual and vestibular inputs during involuntary head accelerations such as sitting facing in the opposite direction to that of the train in which you are traveling. Continuous vestibular inputs in such situations can be misleading with the perception of self-motion (Bense et al., 2005; Dokka et al., 2015). To avoid such mismatches there is a reciprocal inhibitory interaction between the visual and vestibular system (Brandt et al., 1998) where both systems suppress the other to produce a coherent sense of self-motion. Deactivation of the vestibular cortex prevents conflict between vestibular information of head motion from visually induced perception of motion and vice versa. Recent studies have identified areas of cortical activation during optic flow stimulation which are consistent with detection of self-motion (Wall and Smith, 2008; Cardin and Smith, 2010). These are regions within the intraparietal sulcus and cingulate sulcus visual area. Parieto-insular vestibular cortex and posterior insular cortex are also found to be activated during object motion (Frank et al., 2014).

A large number of areas have been associated with resolving perceptual conflicts (Nachev et al., 2008; Sharp et al., 2010; Roberts and Husain, 2015; Kolling et al., 2016). These include the insular cortex, inferior frontal gyrus, and medial frontal structures pre supplementary motor area. During conflicting visual-vestibular information there is activation of parieto- insular vestibular cortex.

Additionally, the existence of visual targets in the environment requires a combination of eye and head orientation to achieve gaze stability. The visual-vestibular interaction to shift gaze toward a target and then maintain fixation is regulated by omni-directional pause neurons (OP neurons), located in nucleus raphe interpositus of the paramedian pontine reticular formation (Prsa and Galiana, 2007; Krauzlis et al., 2017). These neurons fire during fixations and stop firing during saccades. Activity of the neurons have an inhibitory influence on saccades. They prevent firing of saccade-related premotor burst neurons which are in the mesencephalic and pontomedullary reticular formations. However, a pause in their activity allows resumption of the saccade-related burst driving the motor neurons that innervate the extraocular muscles (Krauzlis et al., 2017).

The input to the OP neurons is a weighted sum of the vestibular and visual inputs (Krauzlis et al., 2017). This comprises three signals- 1. the gaze motor error- uses a range of sensory inputs (auditory, somatosensory, and cognitive) and is the difference between the present gaze position and the final required gaze position, 2. the head velocity signal detected by the semi-circular canals by vestibular neuron and 3. the eye velocity signal. When the sum total of afferent signals surpasses a threshold the OPN’s are turned off leading to a halt in activity allowing the saccadic activity, whereas when the sum is below a threshold, OPN’s turn on and induce fixation on the target (Prsa and Galiana, 2007).

Therefore, there is a continued interaction between visual and vestibular systems for postural control to maintain body and eye stability during various transitions involving head movements and constant visual motion.



CONCLUSION

The visual information regarding movements of self and objects in the environment is fundamental to postural control. Information from the optic flow patterns helps differentiate self-motion from external motion. Concurrent information of self-motion is also provided by the vestibular system using angular and linear acceleration of head in space. This information is necessary in instances when information from optic flow generates a false perception of self-motion known as vection or stimulates an optokinetic response. Optic flow patterns generate retinal slip on the retina constituting the main afferent signal to generate visually evoked postural reactions. To maintain visual and postural stability, the visual system, and the vestibular system co- function by generating TVOR and OFR’s respectively to stabilize the image on retina. Stabilization of retinal image eliminates retinal slip, providing information to the nervous system to maintain an upright stance by generating compensatory postural sway.

A key determinant of visual and postural stability is visual fixations which keep eyes fixed on a target while viewing a scene. Visual fixations suppress the optic flow and minimize retinal slip by maximizing the peripheral vision and suppressing the generation of vection. They also have a major role in suppressing the optokinetic response which can destabilize an observer. Further, they maintain visual stability during tracking a moving target by suppressing the VOR.

The current review outlines how visual-vestibular interactions enhance postural stability by interpreting the head’s position and generating eye movements accordingly, which helps differentiate self-motion or external motion and achieve gaze stabilization and postural control.
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Knee proprioception deficits and neuroplasticity have been indicated following injury to the anterior cruciate ligament (ACL). Evidence is, however, scarce regarding brain response to knee proprioception tasks and the impact of ACL injury. This study aimed to identify brain regions associated with the proprioceptive sense of joint position at the knee and whether the related brain response of individuals with ACL reconstruction differed from that of asymptomatic controls. Twenty-one persons with unilateral ACL reconstruction (mean 23 months post-surgery) of either the right (n = 10) or left (n = 11) knee, as well as 19 controls (CTRL) matched for sex, age, height, weight and current activity level, performed a knee joint position sense (JPS) test during simultaneous functional magnetic resonance imaging (fMRI). Integrated motion capture provided real-time knee kinematics to activate test instructions, as well as accurate knee angles for JPS outcomes. Recruited brain regions during knee angle reproduction included somatosensory cortices, prefrontal cortex and insula. Neither brain response nor JPS errors differed between groups, but across groups significant correlations revealed that greater errors were associated with greater ipsilateral response in the anterior cingulate (r = 0.476, P = 0.009), supramarginal gyrus (r = 0.395, P = 0.034) and insula (r = 0.474, P = 0.008). This is the first study to capture brain response using fMRI in relation to quantifiable knee JPS. Activated brain regions have previously been associated with sensorimotor processes, body schema and interoception. Our innovative paradigm can help to guide future research investigating brain response to lower limb proprioception.

Keywords: anterior cruciate ligament, anterior cruciate ligament reconstruction, knee, rehabilitation, position sense, magnetic resonance imaging, neuronal plasticity


INTRODUCTION

Rupture of the anterior cruciate ligament (ACL) is a common knee injury among athletic populations (Majewski et al., 2006), with a reported 30% rate of secondary ACL injury up to 15 years post-reconstruction (Leys et al., 2012) and a four times higher risk for knee osteoarthritis (Poulsen et al., 2019). Evidence further indicates that individuals with ACL reconstruction (ACLR) have lesser bilateral corticospinal excitability than those without injury, which may have a detrimental effect on muscle recovery (Rush et al., 2021). The initial trauma and potential surgical reconstruction causes loss of neural elements such as Golgi tendon organ-like receptors (Cabuk et al., 2022). These receptors contribute with afferent information to the central nervous system (CNS) regarding proprioceptive sensations such as movement and position (Dhillon et al., 2012). Of the proprioceptive senses, joint position sense (JPS) is one of the most commonly tested, typically involving the passive or active reproduction of joint angles with the confounding sense of vision occluded (Hillier et al., 2015). Outcomes are based on the difference in degrees between the target and reproduced angles, thus reflecting the kinematic errors. Identifying deficient knee JPS is believed important as it may contribute to errors in coordination which can subsequently expose the joint to positions deemed to increase the risk for injury (Needle et al., 2017). Meta-analyses have found significantly greater knee JPS errors for ACL-injured knees compared to both the contralateral non-injured knees of the same individuals (Relph et al., 2014; Kim et al., 2017; Strong et al., 2021a) and to those of asymptomatic persons (Relph et al., 2014; Strong et al., 2021a). The clinical significance of these findings is, however, unclear given the small absolute differences of < 1° knee flexion angle. Existing JPS tests have also been criticized for lacking reliability and validity (Hillier et al., 2015). Therefore, despite the belief that neurosensory information and knee proprioception may be impaired following ACL injury (Nyland et al., 2017), simply comparing knee JPS errors may be insufficient in detecting intricate alterations to the CNS (Baumeister et al., 2008). Thus, although knee JPS tests appear not to reveal clinically significant levels of deficient proprioception following ACL injury, reorganization of the CNS has nonetheless been hypothesized (Kapreli and Athanasopoulos, 2006). It is specifically believed that effects on the somatosensory and motor cortices may lead to proprioception-related deficits in preparatory and reactive motor abilities, consequently contributing to the increased risk for secondary injury (Needle et al., 2017).

Brain response associated with lower limb proprioceptive acuity is unclear. Callaghan et al. (2012) implemented a single-joint knee JPS task during functional magnetic resonance imaging (fMRI) among asymptomatic controls and found greater blood-oxygen-level-dependent (BOLD) response in the supplementary motor area, ventral tegmental area, primary sensory cortex, cerebellum and precentral gyrus compared to a similar movement without angle reproduction. However, no outcomes of the JPS test were recorded, the sample size was small (n = 8) and the authors recommended a multi-joint movement to better represent normal functional tasks. In the same study, patellar taping, hypothesized to increase proprioceptive input, decreased response in the anterior cingulate and cerebellum. Based on a similar hypothesis, Thijs et al. (2010) investigated the influence of a knee brace and knee sleeve on brain response during lower limb multi-joint movements among asymptomatic individuals. Compared with no garment, greater response was found in the frontal lobe and paracentral lobule for the knee brace, as well as for the parietal lobe and superior parietal lobule for the knee sleeve. The combined findings of these studies indicate that changes to afferent information at the knee alters brain response during lower limb movements.

Injury to the ACL is believed to cause adaptations to the CNS (Needle et al., 2017). A recent scoping review of the topic by Neto et al. (2019) indeed found evidence for greater brain response compared to controls in mainly cortical areas associated with sensory and motor processes. One electroencephalography (EEG) study by Baumeister et al. (2008) incorporated a test of knee JPS and found greater frontal Theta-power for individuals with ACLR compared to controls. This response was believed to generate from the anterior cingulate cortex due to attentional demands and task complexity. Correlations for both groups additionally showed a reduction of JPS errors over time together with decreased processing in the parietal somatosensory cortex. However, EEG is limited in providing exact locations of the electrical sources from scalp recordings, while fMRI provides a higher spatial resolution (Ritter and Villringer, 2006). The only studies which used fMRI were those by Kapreli et al. (2009) and Grooms et al. (2017) who used similar task designs of single-joint knee flexion and extension. Both studies found less cerebellum activation and greater activation of secondary somatosensory areas for their ACL groups compared to their respective control groups, but also some inconsistent results for other regions. Differences between the ACL populations, such as treatment strategy, i.e., with or without reconstruction, and contrasting activity levels may have contributed to the divergent results. Grooms et al. (2017) suggested that multi-joint movements would improve the clinical applicability of future investigations. A more recent study thus included repetitive multi-joint heel slide movements and found that individuals with ACLR had greater response in areas associated with visual-spatial cognition and orientation compared with asymptomatic matched controls (Criss et al., 2020). It has, however, been recommended to improve the clinical applicability of such findings by increasing the motor control demands of such tasks by including, e.g., a proprioceptive goal-oriented element such as position matching (Grooms et al., 2017; Criss et al., 2020).

To summarize, brain response to proprioceptive tasks of the lower extremities remains unclear. Injury to the ACL may cause deficits to knee proprioception and related adaptations of the CNS. We have previously developed a supine knee JPS test which can be adapted for use in an fMRI setting (Strong et al., 2021b). Importantly, our standardized knee JPS test is unique for an fMRI setting in retaining otherwise common methods, whereby repetitions of knee angle memorization and subsequent reproduction are performed. Additionally, an integrated motion capture system not only provides test instructions to the participant based on their real-time kinematics, but is also used to identify knee movement phases for extraction of fMRI data during only relevant time periods. The kinematics further make possible the accurate reporting of angular errors to assess proprioceptive acuity and its potential association with response in specific brain regions. We therefore aimed to investigate the possibility of characterizing brain response using fMRI during simultaneous performance of a novel quantifiable knee JPS test among asymptomatic controls and individuals with unilateral ACLR. The specific research questions were: (1) Does our knee JPS test evoke a different brain response compared to a similar knee flexion movement without an angle reproduction task? (2) Is brain response different in persons with ACLR compared to asymptomatic persons during our knee JPS test? (3) Does brain response correlate to knee JPS test errors captured by kinematics? We hypothesized that our knee JPS test would recruit somatosensory and motor cortices more than during simple knee flexion and that individuals with ACLR would show greater response in such regions compared to asymptomatic persons. We further hypothesized that knee JPS errors would correlate with BOLD response in associated brain regions.



MATERIALS AND METHODS


Participant Selection

For this cross-sectional study, participants were recruited from April 2017 to May 2019 using convenience sampling via orthopedic clinics, sports clubs, advertisements at the local University, social media and via word of mouth. Screening ensured the following eligibility criteria were met: aged 17–35 years, magnetic resonance imaging compliance, current Tegner activity score (Tegner and Lysholm, 1985) of at least 4, ability to understand either Swedish or English language, no known previous or ongoing injuries or diseases (other than ACLR and possible concomitant meniscus injury in the previous 5 years) that could affect the CNS or leg movements. Specific criteria for participants of the ACLR group required unilateral hamstring autograft reconstructive surgery performed 6 months to 5 years prior to testing, limited to only one ACL injury and subsequent surgery. All ACLR participants had to be cleared for full return to activity by their physical therapist. Asymptomatic controls were to be right-side dominant (leg preferred to kick a ball) and matched to ACLR participants with regard to sex, age, height, mass and current Tegner activity score. Our study is the first to incorporate this JPS paradigm during fMRI and thus data was not available to perform power calculations to estimate the required sample sizes. Considering previous similar research, one fMRI study comparing a different knee JPS task to a similar movement without a JPS task included eight healthy males (Callaghan et al., 2012). Previous fMRI studies comparing individuals with ACL injury to controls have included groups of either 15 (Grooms et al., 2017; Criss et al., 2020) or 17/18 (Kapreli et al., 2009), whereas a previous EEG study incorporating a knee JPS test included groups of 10/12 (Baumeister et al., 2008), respectively. Considering that our task design was calculated to result in fewer brain volumes than the aforementioned studies, we estimated that a pooled group of 40 participants would be required to investigate the brain regions recruited by our JPS test and 20 per group to examine potential differences in brain response between the ACLR and asymptomatic groups. The project was approved by the Regional Ethical Review Board in Umeå, Sweden (Dnr. 2015/67-31) and was performed in accordance with the relevant guidelines and regulations stated in the Declaration of Helsinki. All participants provided their written informed consent prior to participation.



Procedures

Data collection occurred between June 2017 and May 2019. All participants completed the Marx Activity Scale (Marx et al., 2001) and the Tegner Activity Scale (Tegner and Lysholm, 1985). The following questionnaires were also completed by the ACLR participants: 2000 International Knee Documentation Committee Subjective Knee Form (IKDC; Irrgang et al., 2001); Lysholm Scale (Lysholm and Gillquist, 1982); and the Swedish version of the Tampa Scale of Kinesiophobia (TSK; Lundberg et al., 2004). Participants then performed a supine knee JPS test in the U-motion laboratory at Umeå University, Sweden to familiarize themselves with the task. Approximately 1 h later they performed the knee JPS test in an MRI scanner at the Umeå center for Functional Brain Imaging, University Hospital of Umeå, Sweden.



Knee Joint Position Sense Test Protocol

A knee JPS test was specifically designed for fMRI compatibility by using a supine position, slow active movements and additional rest blocks. It was considered important that the test reflect those typically applied in the literature whereby target angle memorization is performed immediately prior to each attempt to reproduce the angle (Han et al., 2016). It was further important to assess brain response only during blocks for which proprioceptive signal processing was considered to be most pertinent for perception and movement control. This is in contrast to a previous study in which brain imaging analyses were performed without memorization prior to each reproduction attempt and during movement to a start position for which proprioception was less relevant and represented half of the brain images assessed (Callaghan et al., 2012). Standardized written test instructions were provided to each participant and any questions were answered. A three-camera motion capture system (Oqus MRI Qualisys AB, Gothenburg, Sweden, 120 Hz) provided real-time kinematic data for the lower limbs. Passive retro-reflective spherical markers were affixed with participants in standing on the skin overlying the greater trochanter and lateral epicondyle of each femur using skin-friendly double-sided adhesive tape. The greater trochanter markers were placed on sticks 56 mm in length (wand markers) to improve their visibility. Participants then lay supine with their feet in foot holders of a custom-made low-friction knee flexion/extension board (see Figure 1). Elastic bands with hook-and-loop fasteners secured each foot and lower shank to the foot holders to ensure a 90° ankle joint angle. A strap over the torso and cushions in the head coil limited head movement. Wand markers with 46 mm sticks were affixed on the lateral part of each foot holder in line with the lateral malleolus in the sagittal plane. Kinematic data of the knee were based on the three respective markers for each leg in the sagittal plane. To provide an asymmetrical marker set and thus more stable real-time marker tracking, two markers were additionally affixed on the middle distal edge of the right footplate and one on the left footplate of the sliding board. Participants were positioned to allow a maximum knee flexion angle of approximately 100° when reaching an in-built physical stop at the proximal end of the board. For all movements, a constant knee angular velocity of 10°/s was attempted. This was practiced during familiarization using real-time graphical feedback for three trials per leg. If knee angular velocity fluctuated by more than 5°/s for consecutive trials of the MRI protocol, participants were verbally reminded to move slower or faster accordingly. Automated instructions were provided throughout the tests based on knee angle and angular velocity calculated from the real-time kinematic data as further described henceforth.
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FIGURE 1. An illustration of the experimental setup. The individual is performing with their right leg (A) one repetition of the JPS test with a target angle of 65°, and (B) one repetition of the Flex condition. Example instructions shown at the top were displayed on a screen at the rear of the scanner visible to the participant via a tilted mirror attached to the head coil. BOLD response was measured during the highlighted “JPS” (from Start position to reproduction angle) and “Flex” (from Start position to 65° knee flexion) blocks, respectively, as well as for a “Rest” block (Start position for 15 s). TA, target angle.


While supine in the Start position (legs fully extended), participants were instructed to flex a specified leg (randomized order) until a stop sign appeared (randomly activated at 35° or 60° knee flexion, but participants told angles were random). Two seconds after stopping, participants were instructed to maintain the position and memorize the knee (target) angle. Eight seconds later, they were instructed to return to the Start position and then 5 s after returning were instructed to reproduce the same angle. Four seconds after stopping, participants were instructed to return to the Start position. This was performed eight times per angle on each leg, resulting in a total of 16 repetitions for the JPS test on each leg. Additionally, knee flexion to the physical stop at ∼100° was performed on eight separate occasions per leg, with the timeframe from 0–65° extracted for brain imaging analysis for a Flex condition. The JPS and Flex conditions were pseudorandomized with a maximum two consecutive repetitions of the same condition and a minimum 7 s between trials. A Rest condition (Start position for 15 s) was also included five times at evenly-spaced intervals throughout testing. Thus, the task had a block design, individualized based on kinematic data. We utilized three different experimental conditions: (1) JPS condition – active knee flexion during angle reproduction (start/end at onset/cessation of flexion, respectively), (2) Flex condition – active knee flexion without angle reproduction (start at onset of flexion and end when reaching 65° knee angle), and (3) Rest condition – Start position (start/end at cessation of extension and onset of flexion, respectively). The protocol lasted approximately 40 min, resulting in 1240 whole-brain sets.

The current fMRI-adapted knee JPS test was also assessed for test-retest reliability in our movement laboratory among a separate group of 15 (9 males) asymptomatic persons (mean ± SD: age 25.0 ± 3.1 years, height 1.78 ± 0.09 m, mass 74.4 ± 11.2 kg) who performed the test on two occasions 7 days apart. Reliability was estimated with Intraclass Correlation Coefficients (ICC) and 95% confidence intervals (CI) based on a mean rating (k = 10), two-way mixed effects model with absolute agreement and Standard Error of Measurement (SEM), calculated as the mean square error term from the ANOVA, separately for the non-dominant [ICC 3,10 = 0.64 (CI 0.02–0.87), SEM = 0.67°] and dominant leg [ICC 3,10 = 0.78 (CI 0.34–0.93), SEM = 0.86°].



Image Acquisition

A 3T General Electric MR scanner with a 32-channel head coil was used to acquire the MR images. A T1 structural image was first acquired to create a study-specific template using the following parameters: 180 slices; 1 mm thickness; repetition time 8.2 ms; echo time 3.2 ms; flip angle 12°; field of view 25 × 25 cm. The functional gradient-echo-planar imaging sequence was collected with the following scanning parameters: repetition time = 2000 ms, echo time = 30 ms, flip angle = 80°, field of view = 25 × 25 cm. Thirty-seven transaxial slices with a thickness of 3.4 mm (0.5 mm gap) were acquired in an interleaved order. Ten initial dummy scans were collected and discarded prior to analysis. Test instructions were presented on a computer screen, which were seen via a tilted mirror attached to the head coil. The computer parallel port was used to detect the trigger output signal from the MR scanner to synchronize kinematic data with fMRI data in later analyses.



Data Processing and Analysis

Motion capture data were exported to Visual3D software (v.5.02.19, C-Motion Inc., Germantown, MD, United States) and filtered with a 6 Hz fourth-order low-pass zero-lag Butterworth filter. Automated scripts set events based on knee angles and knee angular velocities in the sagittal plane. Target and reproduction angles were extracted 2 s after cessation of flexion during the respective phases. All events were checked visually by the lead researcher and adjusted if deemed incorrect. No data were removed from analyses. Data were exported to IBM SPSS Statistics for Windows, version 25 (IBM Corp., Armonk, N.Y., United States) in which all statistical analyses for knee JPS outcome measures, participant characteristics and patient-reported outcomes were performed.

SPM12 software (Wellcome Department of Cognitive Neurology, London, United Kingdom) run under MATLAB R 2016 b (MathWorks, Inc., Natick, MA, United States) was used for automated batching, pre-processing and data analysis. SPM was used for visualization of statistical maps and MarsBaR 0.44 (Brett et al., 2002) was used to calculate the percentage of BOLD signal change. Data were pre-processed in the following way: slice timing correction (interleaved order, first image set to reference slice), movement correction by unwarping and realigning all subsequent scans to the first image, co-registration of the mean functional image set and the structural T1 image set, segmentation of the co-registered structural image, normalization to a sample-specific template based on white and gray matter segments from the segmented, co-registered, structural image [using DARTEL (Ashburner, 2007)] and affine alignment to Montreal Neurological Institute (MNI) standard space and smoothing with an 8-mm FWHM Gaussian kernel. The final voxel size was 2 × 2 × 2 mm.



Statistical Analyses

The ACLR group was subdivided into those with right-side (R-ACLR) and left-side (L-ACLR) reconstruction. Sex distribution between groups was analyzed with a Chi-square test. Age and current activity level (Tegner current and Marx activity) between all groups, as well as pre-injury activity level of the ACLR groups to current activity level of CTRL, were analyzed with Kruskal-Wallis tests and Dunn-Bonferroni post hoc tests for significant results. The questionnaires TSK, IKDC and Lysholm Scale were compared between ACLR groups with Mann-Whitney U tests. A One-way analysis of variance (ANOVA) compared body height and mass between all groups, as well as months since reconstruction between ACLR groups.

Between-group comparisons for kinematic data and brain response were made between the injured leg of ACLR and the matched leg of CTRL. Thus, the R-ACLR group was compared to controls only when the right leg was active for each group and the L-ACLR group were compared to controls only when the left leg was active for each group. Knee JPS error was defined in degrees as the absolute difference [absolute error (AE)] between the target and reproduction angles of the knee for each repetition of the JPS test. Mean AE was calculated for each leg by pooling the 40° and 65° angle conditions for each participant. Outliers in the data set were assessed for eligibility at group level, but none were removed due to a lack of evidence to the contrary. Shapiro-Wilk tests of normality and analysis of distribution graphs confirmed non-normally distributed group-level data. Knee JPS data were thus log transformed and were subsequently considered normally distributed according to further Shapiro-Wilk tests. Independent samples t-tests were used to compare the log transformed knee JPS AE between groups. Significance levels were set a priori (α = 0.05).

Brain imaging data for each angle condition were pooled so that each participant contributed with data from 16 JPS trials per leg. The first-order (single-subject) analyses were set up by including the experimental conditions as regressors of interest in the general linear model, convolved with the hemodynamic response function. Six realignment parameters (head rotations and translations) were included as covariates of no interest to account for movement artifacts. The following contrasts were set up for each participant: (1) (JPS > Rest) and (2) (Flex > Rest). Second-order (group) analyses were based on flexible factorial models (Gläscher and Gitelman, 2008) of the (JPS > Rest) and (Flex > Rest) contrasts from each participant, including participant, group (two levels, R-ACLR or L-ACLR and CTRL), condition (two levels, JPS and Flex) and the interaction (group × condition) as factors. Separate analyses of the conditions used in the flexible factorial design (JPS > Rest) and (Flex > Rest) were also performed to investigate activation patterns in comparison to Rest. These analyses are included as supplementary material. The main effect from condition [(JPS > Rest) > (Flex > Rest)] and the interaction (group × condition) was analyzed [family-wise error (FWE) rate corrected, 0.05; voxel limit 15]. Brain regions were defined and labeled according to the MNI coordinates, which relate to the peak activity within the cluster, using automated anatomic labeling in SPM (Tzourio-Mazoyer et al., 2002). Brain regions that showed significant activation for any of these analyses were further analyzed by calculating the percentage of BOLD signal change during the JPS condition (i.e., the original beta values) in the significant region, compared to the overall mean brain activity of the session. The percentage of BOLD change values were exported to SPSS where Spearman’s rho was used to analyze correlations of participant mean values between percentage of BOLD change and JPS errors.




RESULTS

Of 77 persons with ACL injury and 61 potential controls who expressed an interest in participating, 55 and 14, respectively, were considered ineligible due to either another existing injury, too low physical activity level, left leg dominance for controls, older age, or a combination of those factors. Thus, 22 individuals with ACLR and 47 asymptomatic controls were considered eligible for the study. To ensure matching of characteristics between groups, controls were invited to participate only after a matching ACLR participant had completed testing. One ACLR participant did not complete the fMRI procedure due to claustrophobic feelings in the MRI scanner. Despite completing testing, one asymptomatic control was not included in the analyses due to the presence of a benign arachnoid cyst, unknown prior to participation, which would have confounded brain imaging analyses. Thus, 10 R-ACLR, 11 L-ACLR and 19 CTRL completed testing and were included in the analyses (see Figure 2 for a flow diagram of the recruitment process and Table 1 for group characteristics). Due to a technical issue, one L-ACLR participant completed a shortened protocol of 12, instead of 16, repetitions per leg. Also, due to slow performance of the test, one participant from each group performed one less repetition on both legs. Current activity level of CTRL was significantly lower than pre-injury level of R-ACLR (P = 0.010). No groups differed significantly with regard to sex, age, height, weight or the remaining patient-report outcome measures. Months since reconstruction did not differ significantly between the ACLR groups. For the knee JPS test, no statistically significant differences in errors were seen between either the left reconstructed/non-dominant leg of L-ACLR [median (Mdn) 5.10° (Q1 4.04°, Q3 6.82°)] and CTRL [Mdn 4.17° (Q1 2.89°, Q3 4.95°)], respectively, or between the right reconstructed/dominant leg of R-ACLR [Mdn 4.89° (Q1 3.54°, Q3 6.85°)] and CTRL [4.55° (Q1 3.64°, Q3 6.56°)], respectively.


[image: image]

FIGURE 2. Flow diagram illustrating the recruitment process.



TABLE 1. Participant characteristics of the study groups.
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Brain Response During the Knee Joint Position Sense Test

The JPS condition evoked significantly greater BOLD response (P = 0.05, FWE corrected; voxel limit 15) in seven brain regions for each leg compared to the Flex condition without a JPS task. These included prefrontal regions, the precentral gyrus, cingulate gyri and insula (see Figures 3, 4 and Table 2 for all significant regions with voxel extent, exact statistics, and MNI coordinates).
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FIGURE 3. Brain regions with significant main effect condition in (JPS > Rest) > (Flex > Rest), P = 0.05, family-wise corrected, voxel limit 15. Slices –5:2:38 mm (MNI) in inferior-superior direction are shown. Group mean brains (Dartel) are used for the illustration for (A) left-side analyses – L-ACLR moving their injured left leg and CTRL moving their left non-dominant leg, and (B) right-side analyses – R-ACLR moving their right injured leg and CTRL moving their right non-dominant leg.
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FIGURE 4. BOLD signal change (%) during angle reproduction of the JPS test for the brain regions with a significant main effect from condition [(JPS > Rest) > (Flex > Rest)]. Ant., Anterior; Contra., contralateral; CTRL, asymptomatic control group; Flex, flex condition; Ipsi., ipsilateral; JPS, joint position sense condition; L-ACLR, left side anterior cruciate ligament-reconstructed group; R-ACL, right-side anterior cruciate ligament-reconstructed group; Temp., Temporal.



TABLE 2. Brain regions with significantly greater bold response during JPS than Flex [(JPS > Rest)] > (Flex > Rest)]†.

[image: Table 2]


Between-Group Comparisons of Brain Response During the Knee Joint Position Sense Test

No significant between-group differences were found on the corrected level (FWE 0.05).



Correlations Between Brain Response and Knee Joint Position Sense Errors

Correlation analyses were performed for the seven regions per test side that were found to have significantly greater BOLD response during the JPS condition compared to the Flex condition (see Table 2 for a list of the regions). When performing the test with the right leg (R-ACL and CTRL, n = 29), significant positive correlations were found between JPS errors and BOLD signal percentage change (i.e., greater JPS AE correlated with greater BOLD response) in the ipsilateral anterior cingulate (r = 0.476, P = 0.009; Figure 5A) as well as the ipsilateral supramarginal gyrus (r = 0.395, P = 0.034; Figure 5B). Close to significance was also the ipsilateral middle frontal gyrus (r = 0.364, P = 0.052). For the left leg (L-ACLR and CTRL, n = 30), a significant positive correlation was found for the ipsilateral insula (r = 0.474, P = 0.008; Figure 5C).
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FIGURE 5. Scatter plots illustrating the significant correlations between mean knee joint position sense absolute errors and simultaneous percentage change in BOLD response for the right test side (A,B) and the left test side (C).





DISCUSSION

We aimed to characterize brain response during a knee JPS test among asymptomatic controls and individuals with ACL reconstruction. We further investigated whether brain response would differ between groups and whether brain response would correlate with knee JPS errors. Our hypothesis that our knee JPS test would evoke greater response in somatosensory and motor cortices compared to simple knee flexion was confirmed by observations of greater response during angle reproduction in, for example, the precentral gyrus, middle frontal gyrus, insula and cingulate gyri. The lack of significant differences between individuals with ACL reconstruction compared to asymptomatic controls was, however, contradictory to our hypothesis. Greater knee JPS errors correlated with BOLD response in the insula, anterior cingulate and supramarginal gyrus, thus confirming our hypothesis of correlations between brain response and knee JPS errors.


Brain Response During a Knee Proprioception Test

Our knee JPS test evoked response in the ipsilateral precentral gyrus for the right test side and cingulate gyri for both test sides. Response in these regions has also been observed among asymptomatic individuals during active knee flexion tasks of JPS (Callaghan et al., 2012) and force matching (Grooms et al., 2021). Response in the right middle frontal gyrus was seen for both test sides and has been previously associated with switching between external and internal focus of attention (Japee et al., 2015), relevant for our JPS task where the focus of attention changes from external instructions on a screen to internal sensations related to proprioception. Also common for both test sides was recruitment of the ipsilateral insula, previously associated with sensorimotor processes such as active and passive stepping motions (Jaeger et al., 2014). This finding also aligns with the body image and body schema concepts of body representations (Head and Holmes, 1911), in which current understandings attribute the insula with conscious perceptual representation of the body and memory (Dijkerman and De Haan, 2007). The insula and anterior cingulate are further thought to play a key role in interoception, a term originally introduced by Sherrington (1906) to describe visceral sensations, but now often used as a broader term encompassing the subjective experience of the body state (Ceunen et al., 2016) and even proprioception (Hillier et al., 2015). In fact damage to the insula due to stroke has been associated with poor position sense of the upper limbs (Findlater et al., 2016). The same study also found similar associations for the inferior frontal and superior temporal gyri, two areas that were activated during our JPS test in the current study. Thus, our findings add to previous evidence of distributed neural networks involved when processing proprioceptive tasks and expand these to those associated with the lower limbs. Interestingly, 11 of the 14 regions with significantly greater BOLD response during the JPS condition compared with the Flex condition were of the right hemisphere (Table 2). A general dominance of the right hemisphere for proprioception in the lower limbs is supported by previous findings for a foot position matching task among healthy individuals who were right hand and foot dominant, suggesting a role for position sense of the right parietal and frontal cortex (Iandolo et al., 2018). In fact, research into body representations further seems to implicate the right hemisphere with kinesthetic sensations (Naito et al., 2016). If future research confirms these results, the traditional network of brain regions believed to be associated with proprioception of the lower limbs should thus be extended and include an emphasis on the right hemisphere. To improve our understanding further, extended mapping of associated neural networks is required.



Brain Response of Individuals With Anterior Cruciate Ligament Reconstruction Compared to Matched Controls

There were no significant between-group differences for brain response nor for knee JPS errors. Previous research investigating knee JPS and somatosensory evoked potentials of individuals 18 months after surgical reconstruction of the ACL also found a lack of difference compared with controls as evidence of sensory neurone regeneration (Ochi et al., 1999). The original version of the current supine knee JPS test also did not detect any significant differences in errors for a separate ACLR group approximately 2 years after surgical reconstruction compared with matched athletes (Strong et al., 2021b). In that study, less-active controls instead showed significantly greater JPS errors compared to the ACLR group, suggesting that activity level is a more important factor in this context. It is therefore possible that deficits in proprioception were not present among the individuals of our ACLR group, who were active and participated on average 23 months after surgical reconstruction. Additionally, a recent meta-analysis found that only knee JPS tests with passive rather than active movements differentiate between ACL-injured knees and those of asymptomatic controls (Strong et al., 2021a). The active movements of the current test, which also incorporated the hip, may further have contributed to the lack of between-group difference seen here. The target angles of 40° and 65° knee flexion used in our JPS test both lie close to the mid-range of motion for the joint. These angles may not have been optimal for elucidating differences between groups where joint receptors are the focus of investigation, given that they are believed to play a more predominant role toward the limits of joint rotation (Proske and Chen, 2021). It is also possible that small group sizes (due to separating ACLR into right and left leg analyses), as well as the contrast to such a similar movement, may have reduced the sensitivity of our analysis.



Correlations Between Brain Response and Knee Joint Position Sense Errors

Our results showed that greater knee JPS errors, i.e., poorer knee proprioceptive acuity, was associated with greater brain response in the ipsilateral insula for the left test side, as well as the ipsilateral anterior, paracingulate and supramarginal gyri for the right test side. These results are line with the Embodied Predictive Interoception Coding (EPIC) model proposed by Barrett and Simons (Barrett and Simmons, 2015), which describes the process of active inference in interoception. Part of this model describes the role of the mid- and posterior insula in computing and transmitting prediction errors as well as the integration of other agranular visceromotor cortices such as the cingulate cortex in this process. This model may thus be relevant for proprioceptive tasks. The importance of the insula to position sense is further supported by findings previously mentioned here for the upper limbs following stroke, whereby lesions in this region were associated with greater errors when attempting to actively move the unaffected arm to the mirror-matched position of the passively moved contralateral arm (Findlater et al., 2016). Associated response for the right supramarginal gyrus is supported by previous findings of greater response during a proprioceptive task of force matching at the knee among asymptomatic females (Grooms et al., 2021).



Limitations of the Study

A limitation of our study was the additional task of attempting a constant knee angular velocity, although this was similar for the contrast Flex condition. Further, the active movement of the whole lower limb meant that proprioceptive feedback was not isolated to the knee, but also incorporated the hip. Although this is more similar to everyday activities and thus may enhance the ecological validity of the task compared with a single-joint movement, compensations at the hip joint for potential deficits at the knee are possible. Despite the active task, head movement (range 0.14 – 0.88 mm) did not confound brain imaging analyses. Due to challenges in recruiting participants, we included ACLR individuals who had injured either knee, but a control group with only right-side dominance. Comparisons were thus made to the non-dominant and dominant legs of CTRL for the L-ACLR and R-ACLR groups, respectively. Evidence regarding whether leg dominance influences knee proprioception among healthy controls has, however, shown both positive (Azevedo et al., 2020) and negative (Cug et al., 2016; Galamb et al., 2018) findings. Defining leg dominance for an unfamiliar task is also complicated given evidence of task specificity (Van Melick et al., 2017). It is thus unclear whether leg dominance influenced our results. Further, having to split the ACL participants into two groups meant that the sample sizes for between-groups comparisons were not in line with our aims. We acknowledge this as an important limitation of the current study. Future studies with a greater number of and more homogenous participants are likely required to further elucidate potential group differences. Additionally, both sexes were represented in each of our groups. Two similar fMRI studies have, however, indicated potentially different functional brain connectivity between males (Diekfuss et al., 2020) and females (Diekfuss et al., 2019) who later suffered an ACL injury. Our eligibility criteria required a minimum physical activity level score of four according to the Tegner activity scale. Although we matched current activity level between groups, a sub-analysis using Wilcoxon Signed Ranks tests compared pre-injury and current activity levels within the ACLR groups and found that R-ACLR had significantly reduced their activity level (P = 0.011), but the level was not significantly changed among L-ACLR. A difference in activity level change from pre- to post-injury was thus a potentially confounding factor in our analyses. To explore this further, a Mann-Whitney U test to compare change in activity level between the groups found no significant between-group difference. A significant reduction in activity level following ACL injury is, however, considered a useful outcome for defining non-copers (Button et al., 2006). Future studies may thus benefit from analyses that consider coping classification of individuals with ACL injury. To improve the sensitivity of the analyses, future test designs should also consider how to increase the number of brain images during movements which require proprioceptive processing. This could, for example, be done by increasing the duration of the proprioceptive element of such tasks.




CONCLUSION

Our paradigm found greater BOLD response for a number of brain regions which have previously been associated with processes that can be linked to proprioception. These results thus indicate that the experimental design was successful in recruiting brain regions involved in proprioception and adds valuable information regarding central processing of such tasks. The lack of differences between groups adds to the mixed evidence of proprioceptive deficits among individuals nearly 2 years post-ACLR. The small sample sizes as a result of splitting the ACLR group into left and right-side injuries may, however, have been a contributing factor to the lack of significance. The significant correlations between knee JPS error and activation in some brain regions further indicates that demands were placed on the proprioceptive acuity of the participants. The novel integration of kinematics with fMRI thus provided added value to the paradigm by providing behavioral data as well as specific time frames for extraction of brain images to isolate such processes. Our unique paradigm demonstrates a method to expand these findings and provide further insights into brain response to proprioception at the knee and other joints as well as among different populations.
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To study whether Tai Chi (TC) practice can improve the brain connectivity of the prefrontal lobe of college students, the positive psychological capital questionnaires and resting EEG signals were acquired from 50 college students including 25 TC practitioners and 25 demographically matched TC healthy controls. The results showed that the score of the positive psychological capital questionnaire of the TC group was significantly higher than that of the control group, and the node degree of the frontal lobe and temporal lobe of both groups was positively correlated with the score of the positive psychological capital questionnaire. In addition, the response time of the TC group under auditory stimulation was significantly shorter than that of the control group, and there was a significant positive correlation between response time and its characteristic path length, and a significant negative correlation with global efficiency. Meanwhile, during the selected range of sparsity, the difference in global network parameters between two groups is significant in the alpha band. Under all single sparsity, the clustering coefficient, global efficiency, and local efficiency of the TC group have a higher trend, while the characteristic path length tended to be shorter. In the analysis of the local characteristics of the resting brain functional network, it was found that the node degree of the frontal lobe and temporal lobe of the TC group was higher, and the difference was significant in some nodes. These results all point to the fact that TC practice has a certain impact on specific brain areas of the brain.

Keywords: brain connectivity, Tai Chi, EEG signal, functional brain network, network metrics


INTRODUCTION

With the increasing complexity of knowledge, the accelerating pace of life, and the intensifying pressure of social competition, college students invest more and more time in knowledge learning, which leads to the psychological pressure faced by college students and its adverse consequences are becoming more evident (Yanxiao et al., 2021). On the other hand, due to the spread of network media, the increasing fragmented reading among college students has become a common phenomenon, thus ignoring systematic and in-depth reading learning (Xiaoyan and Yunbo, 2020). Many college students lack the abilities of self-management and restraint and make learning less efficient. Based on the above phenomena, it is urgent to find a way to improve brain function to cope with the great learning pressure, so as to improve learning efficiency.

Physical exercise is a very important way. Martial art is a kind of inherited technique of ancient military war created for fighting on the battlefield, which is equivalent to modern aerobic physical training (Tan, 2010). It is a full-body exercise that focuses more on flexible limb movements, so as to strengthen the body and have the ability of defend and attack (He, 2012). Meditation is a meditation technique used in yoga, with its emphasis on mindfulness and mental management, and the ultimate goal of which is to lead one to a state of liberation (Ryu and Jung, 2014). Neuroscientists have found that if you meditate regularly, you not only become good at it but also improve your self-control, self-knowledge, attention, stress management, and the ability to resist impulses (Friese et al., 2012). However, beginners often have difficulty concentrating when practicing meditation, resulting in poor training results. TC is a comprehensive mind-body exercise with both martial arts and meditation components and has the unique advantage of being easy to learn, safe and effective. Compared to other martial arts, there are no hard and fast requirements for learning TC (Bu et al., 2010), and it is suitable for both young and old. Since the practice of TC requires moderate aerobic exercise and mental exertion, it will exhibit similar or better executive neurological function than meditation and other exercises (Hawkes et al., 2014). At present, TC courses are offered in most universities in China, and it has been popularized all over the world in recent years. Existing studies have shown that TC has a very significant effect in terms of exercise intervention, which can not only improve physical fitness, including fall prevention (Lin et al., 2006), hypertension reduction (Guan et al., 2020), and cardiac rehabilitation (Cheng et al., 2020), but also has certain benefits to mental health, including improvement of quality of life and self-efficacy, emotional processing and other problems (Caldwell et al., 2009), and even has some beneficial effects on the improvement of patients with depression (Laird et al., 2018). Meanwhile, TC can also significantly improve people’s sleep quality and mental state (Li et al., 2020).

Up to now, there are many studies on the human physiological and psychological effects of TC. Previous researchers preferred the ways of observation and questionnaire investigation. In recent years, many novel research methods have emerged to explore the effects of TC practicing on brain function, including electroencephalogram (EEG) processing and functional magnetic resonance imaging (fMRI). In 2010, Field observed that performances on math computations (including speed and accuracy) of participants were significantly improved by a 20-min TC training course and associated with an increase in frontal EEG theta activity (Field et al., 2010). Moreover, the practice of TC can also enhance the cognitive function of the elderly (Wayne et al., 2014). Wei used resting-state functional magnetic resonance images (rs-fMRI) to find that TC can influence the intrinsic functional architecture of the human brain (Wei et al., 2014). Compared with the control group, the TC Group has significant performance gains on attention network behavior tests.

Long-term TC practice could modulate mental control function and functional connections of cognitive control networks in older adults, demonstrating the potential of TC exercises in preventing cognitive decline (Tao et al., 2017). A systematic review study by Pan et al. (2018) found that TC intervention gives rise to beneficial neurological changes in the human brain through three neuroimaging techniques including fMRI (N = 6), EEG (N = 4), and MRI (N = 1). Eight weeks of TC exercise had a stronger effect on brain plasticity in college students compared to general aerobic exercise (Cui et al., 2019). In, Wang et al. (2004) compared the SF-36v2 health survey questionnaire scores before and after practicing TC and found that TC exercise had positive effects on the self-assessed physical and mental health of college students (Wang et al., 2004). Therefore, this study aims to integrate EEG technology and psychological questionnaire to evaluate the positive impact of TC practice on improving the physical and mental health of college students, so as to provide scientific guidance for the promotion of TC on campus.



MATERIALS AND METHODS


Participants

Participants were recruited from college students at Zhengzhou University. The sample size was determined by G*Power to ensure that an effect of 0.8 was obtained with α = 0.05 and test efficacy of 0.8, requiring a minimum of 21 samples per group (Faul et al., 2009). 25 volunteers (17 M/8 F, age 20–24 years, mean ± SD = 21.20 ± 1.190 years) who have practiced TC for more than 6 months (Practice TC at least twice a week for 100 min each time in addition to regular physical courses) in the Wushu Association of Zhengzhou University were recruited to participate this study. Another total of 25 subjects (19 M/6 F, age 21–22 years, mean ± SD = 21.60 ± 0.577 years) without TC practice (Do little exercise except for physical education class once a week) was screened as the control group. All subjects were recruited at random, covering the natural sciences, social sciences, and humanities (Table 1), all of them were right-handed, without any neurological or mental illness, and their naked or the corrected visual acuity of both eyes was normal. This study was approved by the Institutional Review Board of Zhengzhou University. All study participants provided written informed consent before they were enrolled in the study. There was no significant difference in age (two-sample t-test, t = –1.512 and p = 0.140) and gender [χ2-test, χ2(1) = 0.397, and p = 0.529] between the TC group and the control group.


TABLE 1. Demographic characteristics.

[image: Table 1]


Electroencephalogram Data Acquisition

Data were analyzed in a quiet, dark, room at room temperature, where each participant was asked to sit in a comfortable chair, keeping their eyes closed and relaxed, especially keeping their body and head still. At the same time, they were asked to stay awake and try to avoid thinking about anything. The data were derived with Ag-AgCl disc electrodes placed on frontal, vertex, temporal, parietal, and occipital recording sites of the international 10–20 system against the right earlobe as reference. Electrode impedances were maintained at less than 5 KΩ. The sampling frequency was set to 250 Hz, we used additional EEG filters (0.36–70 Hz bandpass) just for observing the filtered data and not applying these filters to the final saved data. The whole resting state EEG signals were collected with eyes closed continuously for 4 min. In addition to collecting EEG signals from the subjects, we also administered the “Oddball” auditory stimulation paradigm, in which we used two different tones as stimulus sources, with the low frequency of 1,000 Hz as the interference tone and the high frequency of 1,500 Hz as the target stimulus tone, both of which occurred randomly, with the interference tone accounting for 85 and 15% of the target tone. Each subject performed 200 trials per auditory “Oddball” paradigm, with 30 target tones, and each subject performed two auditory “Oddball” experiments, and the final results of the two “Oddball” experiments were compared. The average response time of the subject was obtained by averaging the 60 keystroke response times obtained from the 60 target tones in the two “Oddball” experiments.

The EEG electrode lead is used as the network node, and the connection network is established between the nodes, and the nodes represent the brain region. The whole brain was divided into five zones, frontal lobe (FP1, FP2, F7, F8, F3, F4, FZ, FC3, FCz, FC4), parietal lobe (CP3, CPz, CP4, P3, Pz, P4), temporal lobe (FT7, FT8, T3, T4, TP7, TP8, T5, T6), and occipital lobe (O1, OZ, O2).



Data Pre-processing

The pre-processing of EEG data was adopted by using the EEGLAB (Delorme and Makeig, 2004) toolbox based on MATLAB1 in order to obtain high validity of the data, including filtering (0.5–30 Hz band-passed filtering, 50 Hz notch filtering). Standardization of reference values using RE-reference (Reference Electrode Standardization Technique, REST)(Yao, 2001; Dong et al., 2017), segmentation (The raw EEGs of each subject were randomly divided into 8 non-overlapping epochs, each lasting for 15 s), and invalid data removal (Bad channels were removed manually via visual inspection off-line, and artifacts of eye movement, muscular movement or other disturbances were removed by blind source separation algorithm based on independent component analysis)(Mognon et al., 2011).



Functional Network Construction

The EEG electrodes of 30 effective channels were used as nodes in principle, and the synchrony measures among all nodes were quantified as the value of network edges to construct a functional brain network. In this study, the Phase-Locking value (PLV)(Lachaux et al., 1999), one of the estimation methods for functional connection of phase synchronization, was calculated among all nodes to generate a correlation matrix for each subject. Then, the functional brain networks of the two groups were constructed based on four EEG sub-bands of interest: delta (0.5–4 Hz), theta (4–7 Hz), alpha (8–12 Hz), beta (13–30 Hz), respectively. Phase synchronization in practical applications usually means that the phase difference between two signals is bounded (the bound has to be smaller than 2π). Therefore, for two real-valued EEG signals x(t) and y(t), the phase lock condition is:

[image: image]

Where Φx(t) and Φy(t) represent the phase of signal x(t) and signal y(t), respectively, and ΔΦ(t) represents the phase difference between them, and c is constant.

Use cyclic phase under conditions of phase lock, that is, the relative phase difference ΔΦrel, which can be defined as:

[image: image]

Where ⟨.⟩ means averaging in the time domain. The range of PLV was [0,1]. The PLV describes the phase synchronization between any two EEG sequences in a certain frequency band, using the phase information of the signal. The higher PLV means the higher the degree of phase synchronization between the two signals and the more consistent the phase difference. When PLV = 0, it indicates that there is no phase synchronization between two signals. Conversely, when PLV = 1, it declares that there is complete phase synchronization between them. The larger the PLV of two EEG signals is, the greater the degree of phase synchronization between the two cerebral cortex regions is, indicating that they have higher information interaction efficiency and stronger cooperative working ability.



Network Analysis


Threshold Selection

We converted the PLV correlation matrix into an adjacency matrix (binary matrix) with the same sparsity by selecting the appropriate threshold, which is an undirected and non-weighted functional brain network. In some current studies, a functional brain network with the same number of nodes and edges always is constructed by sparsity (fixed connection density method) (Wang et al., 2016). Sparsity is defined as the ratio between the total number of existing edges K and the possible maximum number of edges N(N-1)/2, where N is the number of nodes (N = 30 in our study)(Zhang et al., 2018). This approach ensures that any graphical differences between groups are caused purely by the reconfiguration of specific functional connections, not by overall connectivity in the network topology.

It is vital for us to select an appropriate sparsity threshold since the characteristic parameters of the functional brain network will change with different levels of sparsity. However, there is no standard for selecting the optimal sparsity threshold at present. Some studies have shown that the level of sparsity is too small to obtain a stable topology of networks. On the contrary, the network with too large sparsity loses the small-world topology property that is characteristic of human brains and becomes more and more inclined to the random network (Achard and Bullmore, 2007). In this study, we constructed a series of functional brain networks at a large range of sparsity (from 12 to 40%, 1% step) to compare the differences between the two groups of participants (Meng et al., 2014).



Global Parameters

The characteristic path length (L) of a network is defined as the minimum number of edges connecting a pair of nodes, averaged over all pairs of nodes (Shang, 2011). It can describe the ability of information transmission within the network and reflect the strength of functional integration among brain regions. The shorter the path length, the greater the intensity of functional integration. The definition of characteristic path length can be expressed as:
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Where Lij represents the geodesic length between node i and node j, and N is the number of nodes.

Another commonly used measure is global efficiency (Bryan et al., 2015), which is used to measure how efficiently the functional brain network transmits and processes information. The global efficiency is equal to the average of the reciprocal of the shortest path on the numerical, defined as follows:

[image: image]

The definition of clustering coefficient is the average fraction of pairs of neighbors of a node that are also neighbors of each other (Wang, 2002). The clustering coefficient ci of node i is defined as the ratio between the number Ei of edges that actually exist between these ki nodes and the total number ki (ki - 1)/2, namely,
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Similarly, the clustering coefficient C of a network is given by the average of the Ci over all nodes in the network:

[image: image]

In addition, a global parameter, local efficiency is used to quantify the fault-tolerant ability for a complex network, which means the information transmission ability of the subgraph formed by the nodes directly connected with the node after removing a node (Boccaletti et al., 2006). For the local efficiency of the whole network, its definition is described as the average of the shortest path of the neighbor subgraph of all nodes, with the formula as follows:
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Where Gi represents a subgraph formed by nodes directly connected to node i (no node i included). It is always used to assess the information transmission capacity of the network at the local level, which is essentially the extension of the clustering coefficient.



Nodal Parameters

Among all the centrality metrics, degree centrality is the most basic and important metric in the network. The degree ki of the node i in an undirected network is the total number of edges directly connected to it. The average of ki over all nodes i is called the average degree of the network and is denoted as [image: image]. Given the adjacency matrix A = (aij)N × N of network G, we have:
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Statistical Analysis

Two-sample t-test and 2-test in SPSS were conducted to analyze age and sex statistics involving 25 practitioners in TC group and 25 healthy controls. The correlation coefficient and p-value between reaction time and global network topological properties were analyzed using the corrcoef procedure (MATLAB corrcoef). The non-parametric permutation test was used to assess statistical group differences in brain functional network parameters for the TC group and the control group. Differences were considered statistically significant when the p < 0.05. The images were drawn with GraphPad Prism 9 and Visio 2019.





RESULTS


Differences of the Component Positive Psychological Capital Questionnaire

In order to analyze the difference in a psychological state between the TC group and the control group, we completed the positive psychological capital questionnaire before the EEG signal acquisition. Psychological capital is divided into four core components: Self-efficacy, Resiliency, Hope, and Optimism.

As shown in Figure 1, the total score of the positive psychological capital questionnaire in the TC group was significantly higher than that in the control group by non-parametric substitution test analysis. In terms of the four core components, the TC group was significantly higher than the control group in self-efficacy, resilience, and optimism. In terms of hope, although the TC group still showed a higher trend compared to the control group, the difference was not significant.


[image: image]

FIGURE 1. Analysis of psychological questionnaire scores in TC group and control group. (A) The score difference of positive psychological capital questionnaire between groups. (B) Inter group score difference of four core components. *Indicated significant difference between groups, p < 0.05, **indicated significant difference between groups, p < 0.01.




Relationship Between Brain Connectivity Analysis and Reaction Time

We made a statistical analysis of the reaction time of the subjects under the auditory “Oddball” experiment. The results, as shown in Figure 2, showed that the reaction time of the TC group was faster than that of the control group, and the difference was significant by the non-parametric replacement test. Compared with the control group, the subjects in the TC group seemed to have a faster reaction speed.


[image: image]

FIGURE 2. Reaction time of TC group and control group under auditory “Oddball” experiment. *Indicated significant difference between groups, p < 0.05.


Based on the previous study, we analyzed the correlation between the global topological characteristics of the brain functional network in the resting state and the response time in the auditory “Oddball” experiment. Figure 3 was the scatter plot of the correlation between global network topology characteristics and the reaction time. The correlations between response time and characteristic path length of subjects in the TC group (r = 0.4314, p = 0.0313) and in the control group (r = 0.2939, p = 0.1539) were shown in Figure 3A, indicating that there was a significant positive correlation between them in TC group, while there was no significant correlation in the control group. Figure 3B showed the correlation between reaction time and global efficiency in the TC group (r = –0.4501, p = 0.0240) and in the control group (r = –0.3885, p = 0.0550). The results revealed a significant negative correlation between reaction time and global efficiency in the TC group, while no significant correlation was found in the control group. Unfortunately, no significant correlations between reaction time and clustering coefficient, response time, and local efficiency in either the TC group or the control group were found.


[image: image]

FIGURE 3. The correlation between reaction time and global network topological properties. (A) The correlations between response time and characteristic path length of subjects in TC group. (B) Correlation between reaction time and global efficiency in the TC group.




Function Network Construction Based on Phase-Locking Value

For the four frequency bands of delta, theta, alpha, and beta, the PLV values between 30 electrode channels of each participant were calculated respectively, which were taken as the connecting edge of the network, and thus the 30 × 30 PLV correlation matrix for each subject at each frequency band was obtained. Finally, according to the previously set sparsity threshold, these PLV correlation matrices were binarized into adjacency matrices to generate the PLV functional network for all of the subjects (as shown in Figure 4).
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FIGURE 4. PLV correlation matrix and adjacency matrix of TC and control.




Brain Connectivity Analysis

For the constructed PLV brain function network, we compared the differences in global parameters between the two groups in different frequency bands (delta, theta, alpha, and beta), and analyzed whether there are differences in brain function network between TC and control groups. According to the statistical analysis of the non-parameter replacement test, As shown in Figures 5A,C,E, the inter-group differences in clustering coefficient, characteristic path length, and global efficiency between TC and control groups were only significant in alpha band, there were no significant differences in delta, theta, and beta bands. Then we targeted the alpha band that showed significance for inter-group differences at each single sparsity threshold to compare L, C, and Elocal in the TC and control groups. Figures 5B,D,F,H showed that under all the sparsity thresholds, the TC group was higher than the control group, and the difference was significant under some sparsity thresholds. At the same time, the characteristic path length of the TC group was shorter than that of the control group, and the difference was more significant when the sparsity level was lower.


[image: image]

FIGURE 5. Panels (A,C,E,G) showed the inter-group differences of clustering coefficient, characteristic path length, global efficiency and local efficiency within the selected sparsity threshold range at each frequency band, respectively. Panels (B,D,F,H) represented the inter-group differences of clustering coefficient, characteristic path length, global efficiency, and local efficiency of two groups of subjects under each single sparsity threshold at alpha frequency band, respectively. The purple and blue shading represented 95% confidence intervals of the TC group and the control group, *indicated significant difference between groups, p < 0.05, **indicated significant difference between groups, p < 0.01; and ***indicated a very significant difference between groups, p < 0.001.


Although the boxplot of Figure 5G showed that the maximum value of local efficiency in the TC group was lower than that in the control group in the beta frequency band, the median value of the TC group was significantly higher. From the perspective of distribution, the local efficiency distribution of the TC group was more compact. Under most of the selected sparsity, the local efficiency of the TC group was significantly higher than that of the control group.



Nodal Characteristics of Brain Regions

Because the alpha band in global parameters analysis displayed the most significant difference, we analyzed the average value difference between the node degrees of each sparsity level in the two groups in the brain function network, and the statistical analysis method used non-parametric replacement inspection.

As shown in Figure 6, the degree of each node in the frontal lobe of the brain was compared between the TC group and the control group, it can be found that the values of all nodes in the frontal lobe in the TC group are almost higher than those in the control group. Meanwhile, through the statistical analysis of the non-parametric replacement test, the values of FP1 and FP2 nodes in the TC group (FP1:12.81 ± 1.51, FP2:12.42 ± 1.80) were higher than those in the control group (FP1:11.52 ± 1.50, FP2:11.37 ± 1.77), and the difference was significant. Degree values of nodes T3 and T4 in the TC group (T3:3.59 ± 1.26, T4:3.46 ± 1.80) were significantly higher than those in the control group (T3:2.78 ± 1.46, T4:2.54 ± 1.26), and the difference was significant in some nodes. As shown in Figure 7, it was found that the node degree of the frontal lobe and temporal lobe of the TC group was higher. These results all point to the fact that TC practice has a certain impact on specific brain areas of the brain. There was no significant difference between the TC group and the control group for the nodes of the parietal and occipital lobes. There was no significant difference between the TC group and the control group for the nodes of the parietal and occipital lobes.


[image: image]

FIGURE 6. Line chart of nodal degree of each brain region in alpha frequency band of TC group and control group. *Indicated significant difference between groups, p < 0.05, **indicated significant difference between groups, p < 0.01.



[image: image]

FIGURE 7. Node location and node degree topographic map.





DISCUSSION

The alpha band analysis of EEG showed that TC practice significantly improved the activation of the prefrontal lobes of the practitioners, enhanced functional neuroplasticity of the brain (Cui et al., 2021), and also increased the reaction speed of the practitioners.


Increased Brain Functional Connectivity

The nodal degree of the two groups was significantly different in the FP1 and FP2 nodes of the frontal lobe and the T3 and T4 nodes of the temporal lobe. with advanced cognitive functions, such as learning, language, decision making, abstract thinking, emotion, and so on, while the temporal lobe is related to memory and emotion, and the amygdala in the anterior temporal lobe is the core area that regulates emotion (Sergerie et al., 2006). The node degree of the frontal lobe and temporal lobe in the TC group was higher than that in the control group, which indirectly reflected that the practice of TC had a positive effect on the advanced cognitive functions. From the perspective of physical exercise, TC belongs to aerobic exercise (Wayne et al., 2014), which has been proved to improve memory function (Erickson et al., 2011; Li et al., 2014).

After the practice of TC, the shortest path length between the nodes in the brain functional network of the TC group became shorter, that is, the number of edges from one node to another decreased. Furthermore, under a single sparse degree, the TC group showed higher global efficiency, which further indicated that compared with the control group, the transmission efficiency of the information carried by each node in the TC group is higher at the global level of the brain. This indirectly proved that after the practice of TC, the degree of functional integration within the brain is enhanced (Gu et al., 2022). On the other hand, a higher clustering coefficient in the TC group revealed that the nodes in the brain functional network of the TC group had a higher degree of aggregation at the local level of the brain, that is, for the whole brain region, the connection density between nodes decreased, while the higher local efficiency of the TC group showed that the information transmission efficiency of the nodes in the brain functional network of the TC group was higher than that of the control group at the local level (Taya et al., 2014).

There is a strong anatomical link between the prefrontal cortex and the hippocampus, which is consistent with the idea that the prefrontal cortex and hippocampus interact to support memory (Bu et al., 2010). Activation of the prefrontal lobe also has a dramatic improvement in input and output to the hippocampus, thereby improving the cognitive ability of the practitioner to learn.

TC practitioners were significantly higher than the controls in the total score of positive psychological capital (You, 2016) and the three core components of self-efficacy, resilience, and optimism, indicating participants who have practiced TC for more than 6 months have a more positive mental state than the control group. TC and paced breathing have variously been linked to improvements in vagal tone (Larkey et al., 2009), and TC exercise had positive effects on the self-assessed physical and mental health of college students (Wang et al., 2004).

Previous studies have found that anxious people have abnormal connections in the frontal lobe, temporal lobe, and parietal lobe, and the node degree in the frontal lobe and temporal lobe is lower than that of normal people. At the same time, the clustering coefficient of the brain network of anxious people was found to be lower than that of the normal group, and the degree of clustering within the brain network and the information transmission capacity of the network of anxious people were reduced (Ji et al., 2020). Whalen’s research also proved that anxiety was related to the weakening of the functional connection between the amygdala and medial prefrontal cortex (Kim et al., 2011). TC practice may lead the practitioner to a positive mental state and keep them away from negative mental states such as anxiety and depression. Regarding the characteristics of TC movement, TC practice incorporates elements of meditation, the movement of the limbs is coordinated with the breathing (Jingfang et al., 2018). The whole process not only tones up the body but also regulates the psychology. After long-term practice, the frontal lobe and temporal lobe of the brain will also be changed imperceptibly. Therefore, practicing TC can liberate practitioners from stress. Studies have also shown that TC is effective in improving depression, anxiety and quality of life in drug users (Cui et al., 2022), suggesting that TC can also be used as a new type of intervention for the prevention and cessation of internet addiction among college students.



Tai Chi Practice Can Make College Students React Faster

The key response time of the “oddball” experiment in the TC group was shorter than that in the controls, which indirectly reflected that the TC group had a faster response to the sudden stimulus. Meanwhile, the reaction time in the TC group showed a significant positive correlation with the characteristic path length extracted from the functional network and a significant negative correlation with its global efficiency. That is to say, the shorter the characteristic path length and the higher the global efficiency of the TC group is, the faster the reaction speed. This phenomenon was also reflected in the research results of Field. In their research, the mathematical calculation speed and accuracy of subjects were significantly improved after 20 min of TC (Field et al., 2010). Indeed, related studies confirmed that TC intervention could cause significant changes in the functional connectivity and homogeneity of the brain and the neural function of the executive network (Pan et al., 2018). It is supposed that executive control is susceptible to TC training in multiple ways.

Due to the popularity of electronic devices, university students are increasingly reading in fragments, making it difficult to concentrate during study and work. TC practice not only regulates physical activities, but also requires the brain to maintain continuous focus, and need to perform multiple action tasks at the same time, which also plays a certain role in maintaining concentration. Therefore, such physical and mental exercise may also have a positive impact on cognitive function. Previous studies have shown that the functional connections of the prefrontal cortex of the TC group have an enhanced trend in multiple frequency bands, and these functional enhancements are related to the improvement of memory scores (Tao et al., 2017). TC and other similar mindfulness training can regulate attention, working memory, and its central executive function through norepinephrine, and it also has a certain alleviating effect on mental illness (Russell and Arcuri, 2015).



Limitations

There were several limitations to the current research. First, the subjects in this study were concentrated in the same university and lacked research on various age and career groups for a small sample size, which potentially limits the generalization of the analysis results. Second, our research analysis only targeted college students with and without TC practice and investigated the effects of TC practice on college students’ brain functional networks and psychological states. The further stratified analysis by the number of months of TC practice was not carried out, which could not provide a theoretical basis for clinical application. Furthermore, only the resting-state brain functional network was constructed in this study, and the differences in the brain functional network between both groups of subjects in the task state would be investigated in the future. Finally, the study design is cross-sectional and therefore its findings are not explanatory. Therefore, further clinical trials on the improved efficacy of TC practice with long term follow-up for promoting an effective exercise need to be performed.




CONCLUSION

Compared to matched controls, TC practitioners exhibited higher mental scores and faster response times, in the alpha band, increased connectivity, transitivity, and clustering associated with higher modularity were observed. Since PLV values reflected the degree of phase synchronization between the two signals, it indicated that the TC group had stronger synchronization between the cerebral cortex, that is to say, higher efficiency of information interaction and stronger collaborative ability. The results have demonstrated that TC exercises have a positive impact on the brain connectivity of the prefrontal lobe for college students. It can be concluded that after TC practice, the frontal and temporal lobes of the subjects have significant effects, with the improvement of the prefrontal cortex being the most obvious. Previous studies have shown that the prefrontal cortex is closely related to executive cognitive function and emotion of the brain, and plays positive guidance in mental health (Fuster, 2001). This conclusion is consistent with the phenomenon we observed. Since PLV values reflected the degree of phase synchronization between the two signals, it indicated that the TC group had stronger synchronization between the cerebral cortex, that is to say, higher efficiency of information interaction and stronger collaborative ability. In the follow-up study, the direction information of the network or the connection weight information can be appropriately added, so as to better realize EEG traceability and functional connection analysis on the brain source.
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Individuals regaining reliable day-to-day walking function after incomplete spinal cord injury (iSCI) report persisting unsteadiness when confronted with walking challenges. However, quantifiable measures of walking capacity lack the sensitivity to reveal underlying impairments of supra-spinal locomotor control. This study investigates the relationship between intramuscular coherence and corticospinal dynamic balance control during a visually guided Target walking treadmill task. In thirteen individuals with iSCI and 24 controls, intramuscular coherence and cumulant densities were estimated from pairs of Tibialis anterior surface EMG recordings during normal treadmill walking and a Target walking task. The approximate center of mass was calculated from pelvis markers. Spearman rank correlations were performed to evaluate the relationship between intramuscular coherence, clinical parameters, and center of mass parameters. In controls, we found that the Target walking task results in increased high-frequency (21–44 Hz) intramuscular coherence, which negatively related to changes in the center of mass movement, whereas this modulation was largely reduced in individuals with iSCI. The impaired modulation of high-frequency intramuscular coherence during the Target walking task correlated with neurophysiological and functional readouts, such as motor-evoked potential amplitude and outdoor mobility score, as well as center of mass trajectory length. The Target walking effect, the difference between Target and Normal walking intramuscular coherence, was significantly higher in controls than in individuals with iSCI [F(1.0,35.0) = 13.042, p < 0.001]. Intramuscular coherence obtained during challenging walking in individuals with iSCI may provide information on corticospinal gait control. The relationships between biomechanics, clinical scores, and neurophysiology suggest that intramuscular coherence assessed during challenging tasks may be meaningful for understanding impaired supra-spinal control in individuals with iSCI.
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Introduction

Human walking involves complex stereotyped motion sequences that are continuously adjusted to environmental demands that challenge progression. The integration of multimodal sensory inputs and supra-spinal commands, including visuomotor control, are required to achieve effective adaptive and controlled stepping (Rossignol et al., 2006; Matthis et al., 2017; Pearcey and Zehr, 2019). The supra-spinal and multimodal sensory command processes fail to be properly conducted to and between spinal cord levels following spinal cord injury or degeneration affecting spinal cord tracts. Yet while many individuals with incomplete spinal cord injury (iSCI) can regain walking ability, limb- and balance coordination are impaired (Barbeau et al., 2006; Awai and Curt, 2014; Easthope et al., 2018; Malik et al., 2019), resulting in reduced capacity to adapt to challenging walking when precision in foot placement is a requirement (e.g., walking over irregular surfaces) (Leroux et al., 1999; Desrosiers et al., 2014; Mohammadzada et al., 2022). Whilst such functional deficits are a consequence of spinal tract damage, the integrity of supra-spinal control of human gait is difficult to assess, and the neural mechanisms of visuomotor coordination during gait in individuals with iSCI remain poorly understood.

During outdoor walking on uneven terrain, continuous visuomotor and proprioceptive integration is needed for reactive and anticipatory gait adjustments (Marigold et al., 2011). Individuals with iSCI may utilize different adaptation strategies compared to controls, as shown in studies investigating individuals with iSCI during obstructed walking (Leroux et al., 1999; Ladouceur et al., 2003) and this is likely to be attributed to impaired transmission of descending neural drive to the muscles, which can be assessed non-invasively with coherence analysis (Halliday et al., 1995). Coherence measures provide an estimate of a coupled relationship between two simultaneously recorded signals in terms of common coherent components (Plankar et al., 2013). Corticomuscular coherence represents a coupling feature between muscle activity and cortical activity (Conway et al., 1995), while intermuscular coherence quantifies the coupling or common drive between two separate muscles. Intramuscular coherence quantifies the shared common drive occurring within the active motor units of the same muscle. Coherence analysis can serve as a reliable method to explore sensorimotor integration non-invasively by observing changes in specific physiologically relevant frequency bands. While intra- and intermuscular coherence in the alpha-band (8–12 Hz) is debated to have its origin in spinal- and subcortical systems, as shown in studies analyzing intermuscular coherence in lower (Norton et al., 2003) and upper limbs (Boonstra et al., 2009); the high-frequency bands, such as beta- (15–32) and gamma-band (35–60 Hz), are associated with activation from supra-spinal systems and provide insight on descending influences to muscles during movements as shown in corticomuscular coherence studies investigating sensorimotor cortex contributions to the control of upper limb and in lower limb muscles during walking in neurological intact adults (Conway et al., 1995; Salenius et al., 1997; Halliday et al., 1998; Baker, 2007; Petersen et al., 2012).

In individuals with iSCI and stroke, intra- and intermuscular coherence between muscle pairs in the high-frequency bands are strongly reduced during regular treadmill walking compared to controls (Hansen et al., 2005; Nielsen et al., 2008; Barthélemy et al., 2010); similarly, in upper motor neuron disease, intermuscular coherence in the high-frequency band is either absent or reduced (Fisher et al., 2012). These findings suggest that an intact supra-spinal drive is needed for normal function. Accordingly, high-frequency coherence between and within co-active muscles may be an indicator for supra-spinal drive, notwithstanding that synchronizing contributions from other neural circuits not characterized by common frequency components in EMG records will not be observable (e.g., extrapyramidal motor system, reticulospinal, and ascending sensory tracts).

Precision motor tasks that demand and engage attention may increase coherence in the high-frequency band as shown in corticomuscular coherence studies of the sensorimotor cortex and the contralateral hand (Kristeva-Feige et al., 2002; Kristeva et al., 2007), possibly due to enhanced motor cortex task related contributions to the shaping of motor output (Drew et al., 1996, 2008), and planning of movements (Spedden et al., 2022). In the lower limb, an example of this is observed during visually guided walking where increased Tibialis anterior intramuscular and corticomuscular beta- and gamma-band coherence is observed during the swing phase when compared to normal walking in a control cohort (Jensen et al., 2018; Spedden et al., 2019a). Thus, using a visually guided walking paradigm provides an opportunity to investigate the relationship between high-frequency coherence and adaptive locomotor capacity. By investigating a cohort of individuals with iSCI, we strive to understand to what extent spinal cord damage impacts high-frequency coherence and how this relates to the capacity for continuous locomotor adaptation in iSCI.

Therefore, our primary aim was to test the hypothesis that, compared to controls, modulation of high-frequency intramuscular coherence is reduced or lacking in individuals with iSCI when challenged with a visually guided Target walking task (TW). We further explored how high-frequency intramuscular coherence relates to kinematics and impairment of gait adaptation in individuals with iSCI to assess whether coherence measures can serve as a potential marker for the pathophysiological underpinnings of impaired gait adaptation.



Materials and methods


Participants

For this study, twenty-four controls without a history of neurological disease and thirteen individuals with iSCI from Balgrist University Hospital were recruited and provided written informed consent. Individuals were older than 18 years old, could stand without physical assistance for over 2 min, and were either in the subacute (3–6 months post-injury) or chronic (≥12 months post-injury) stage. All individuals with iSCI were required to have partially preserved or reacquired walking ability. Individuals were also included if they were dependent on walking aids for recreational activities (see Table 1). Individuals were not included when they had a neurological impairment other than iSCI or cognitive impairments liable to interfere with task performance. Both subacute and chronic individuals with iSCI were included in order to cover a broad range of walking abilities. The study was approved by the Zurich cantonal ethics Committee (BASEC-Nr. 2017-01780). All experiments were conducted in accordance with the current 2013 revision of the Declaration of Helsinki.


TABLE 1    Incomplete spinal cord injury demographics.
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Recordings

Surface EMGs were recorded wirelessly from proximal (TAp) and distal (TAd) sites of the right Tibialis anterior muscle. Recording sites were prepared by carefully shaving, abrading, and disinfecting the skin areas of interest before attaching bipolar EMG adhesive hydrogel electrodes (Kendall, Covidien) and wireless EMG sensors (myon AG, Switzerland, 2 kHz sampling rate, 10 – 500 Hz bandpass filter).

Full-body kinematics were recorded using a passive infra-red motion capture system (Vero, Vicon Motion Systems Ltd, Oxford, United Kingdom) operating at 100 Hz and processed in Nexus 2.2.3 (Vicon, Oxford, United Kingdom) and with custom-written MATLAB scripts (MATLAB R2017b) using 42 reflective markers placed on bony landmarks (diameter = 14 mm). For the step cycle identification, markers were placed on the heel and the second toe (metatarsal 2). The times of heel strike (HS) and toe off were calculated from the zero-crossing of heel and toe marker velocity (Zeni et al., 2008). Approximated center of mass (CoM) was defined as the midpoint between left posterior spina iliac to right anterior spina iliac and left anterior spina iliac to right posterior spina iliac (Havens et al., 2018; Bannwart et al., 2020).



Coherence analysis

EMG signals were processed with custom-written MATLAB scripts. Recordings were zero-phase bandpass filtered (10–500 Hz), full-wave rectified, and normalized to unit variance before analysis in the frequency and time domain. Full-wave rectification suppresses any information related to the motor unit action potential shape (Farmer and Halliday, 2014).

Intramuscular coherences were investigated between TAp and TAd during the entire gait cycle and analyzed with the Neurospec routines using Type 1 analysis (Halliday et al., 1995) (Neurospec 2.01). A complete gait cycle was defined as one stride going from one HS to the next HS with the same leg. The discrete Fourier transform (DFT) was constructed from each non-overlapping stride with a DFT segment length of 4096 samples (4096 samples/2000 Hz = 2048 ms), with zero padding used for strides with fewer samples, resulting in a frequency resolution of 0.49 Hz. Coherence measures assess the linear association between two rectified EMG signals on a scale from 0 to 1 in the frequency domain. The coherence function is defined at frequency λ as
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fxy (λ) denotes the cross-spectrum between EMG signals x and y. It is normalized by dividing it by the power spectrum of one EMG signal fxx(λ) multiplied by that of the other EMG signal fyy(λ). Estimates of the cumulant density function characterize the covariance of the signals in the time domain and give information related to the timing of shared inputs to the motor units contributing to the EMG recordings. It is defined as the inverse Fourier transform of the cross-spectrum and is a function of time lag u
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A central peak around zero lag reflects the synchronous activity of populations of motor units and suggests the presence of common synaptic input to the motoneurons within the activated motor pool (Halliday et al., 1995, 2003).



Pooled coherence and cumulant density estimates

Pooled coherence and pooled cumulant density measures (Amjad et al., 1997) are helpful to assess systematic task-dependent modulations in the correlation pattern in the gait cycle across subjects (Halliday et al., 2003). Pooled estimates, thus, allow for inferences at the population level in each group, combining all data from each group in a single representative estimate. This study uses the modulation pattern of pooled coherence to determine the frequency bands of interest for further in-depth single-case analysis.



Clinical assessment

A neurological examination following International standards for neurological classification of spinal cord injury (Kirshblum et al., 2011) was performed at enrollment in individuals with iSCI. Motor-evoked potentials (MEPs) of the Tibialis anterior muscle were acquired from individuals in a supine position using single-pulse transcranial magnetic stimulation (TMS; Magstim-200, Magstim Company, Carmarthenshire, Wales, United Kingdom). A double cone coil was used to achieve focal stimulation of the vertex, and MEPs were recorded from the Tibialis anterior muscle with disposable surface EMG electrodes. The individuals were asked to relax and not voluntarily contract the Tibialis anterior muscle. Maximum stimulus output was set to evoke reproducible MEPs at maximum amplitude. In compliance with ethical guidelines, MEPs were not assessed in control participants to avoid unwarranted experimental measurements on volunteers.



Experimental set-up

Participants walked at a self-selected walking speed with their typical, comfortable footwear on a split-belt treadmill with two integrated, synchronized force plates (GRAIL, Gait Realtime Analysis Interactive Lab, Motek Medical B.V., Netherlands). The participants were secured with a harness and were allowed to hold the handrails if needed. The participants completed the TW and Normal walking (NW) tasks in random order.



Target walking

Target walking is a 3 min visually guided walking task requiring the participants to precisely step on to moving circular targets projected onto the treadmill belts. This task is in detailed explained and investigated previously (Mohammadzada et al., 2022) and summarized below.

The circular targets (10 cm diameter, white dots) were projected onto and in front of the right and left treadmill belt (Figure 1) and moved toward the participant at the speed of the treadmill belt. Thus, the targets evoked the impression of being stationary compared to the moving treadmill surface (Motek Forcelink, Amsterdam, Netherlands, version 3.34.1). The participants were able to anticipate upcoming targets over three to four step cycles, since the targets were presented with a lead-in of greater than two stride lengths (Matthis et al., 2017). Adjustments of step cycle length (randomly distributed between 40 and 80% of 0.8 m step length) and width (randomly distributed between 40% and 80% of 0.25 m step width) were required to successfully step on to the targets.
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FIGURE 1
Experimental set-up for the Target walking task. Participants walked on moving white circular targets (diameter = 10 cm, here blue) projected on the black treadmill (here white) with their preferred walking speed. Circular targets moved at the same speed and thus, gave the impression of being stationary. Step length and width were changed based on a variability of 40–80% of 0.8 m and 40–80% of 0.25 m, respectively. Participants had to precisely step on to the center of the targets which was tracked by a reflective marker placed on the second toe. Accuracy of foot placement was recorded in the anterior-posterior (AP) and medio-lateral (ML) directions. The harness that was worn for safety and the handrails are not shown in this schematic figure of the Motek GRAIL treadmill system. Modified from Mohammadzada et al. (2022).


In addition to standard markers for gait analysis, foot placement was tracked by a 14 mm reflective marker placed on the base joint of the second toe – metatarsal 2 (MT2). Placement precision was calculated by the distance (error) from MT2 to the center of the target in anterior-posterior (AP) and medio-lateral (ML) directions. Stepping medially and posteriorly from the center of the target resulted in negative error values, whereas stepping laterally and anteriorly resulted in positive error values. Errors were calculated once per step at midstance and recorded for offline analysis; participants did not receive feedback on errors. Due to technical reasons, accuracy measures in the ML- and AP-direction were introduced from participant 15 onward (see Table 2). Before data collection commenced, participants were provided with a 1 min task familiarization period.


TABLE 2    Participant demographics.
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Normal walking

For the Normal walking condition, participants were asked to look straight ahead and sustain a comfortable self-selected walking speed over a 3 min period in the absence of any projected visual targets.



Statistical analysis

Pooled coherence analyses were performed in order to observe correlation patterns across subjects within each group. Upper and lower 95% confidence limits (CI) are constructed under the assumption of independence and considering the number of segments (L) (Halliday et al., 1995; Amjad et al., 1997):
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For pooled data, L denotes the combined number of segments across subjects. Additionally, the χ2 extended difference of coherence test (Amjad et al., 1997) was used to explore differences at each frequency between tasks in each cohort. In the control cohort, we found that TW coherence was higher than NW coherence over the frequency range of 8–12 Hz (alpha band) and 21–44 Hz (high-frequency band). Single-subject coherence estimates were averaged from 8–12 to 21–44 Hz for each participant and used to examine intramuscular coherence at the single-subject level in both walking tasks. The high-frequency band from 21 to 44 Hz is of specific interest since it reflects supraspinal information which is transmitted to the motor neuron pools. The mean high-frequency and alpha band coherence estimates were used to investigate the relationships to clinical and biomechanical parameters.

Details on the biomechanical parameters, such as the 3-D CoM trajectory length CAP–ML–V and the mean Euclidean distance DAP–ML–V, are reported in the Supplementary methods.

The primary outcome was defined as the modulation effect on intramuscular coherence estimates between TW and NW (TW effect) within iSCI individuals in contrast to controls.

The secondary outcome was the correlation between mean intramuscular coherence, clinical parameters, and CoM trajectory length in individuals with iSCI and controls. Finally, the TW effect, the subtraction of NW high-frequency and alpha coherence from TW high-frequency and alpha coherence, was used to correlate with the mean Euclidean distance between TW and NW and TW speed.

Statistical analyses were performed using Matlab (MATLAB R2017b) and SPSS (IBM SPSS Statistics for Macintosh, Version 27.0). Statistical significance was set at α = 0.05. The Kolmogorov–Smirnov test was performed to assess data normality. Two repeated measures ANOVA’s were performed separately for high-frequency and alpha band coherence with the within-subjects variable walking task and the between-subject variable group. For that, we used a variance stabilizing transform of the coherence by applying Fisher’s transform tanh–1 to the magnitude coherency (Amjad et al., 1997).

Non-paired Wilcoxon rank-sum tests between individuals with iSCI and controls were performed to investigate differences in CoM trajectory length in each task, and the mean Euclidean distance. Paired Wilcoxon tests were used to investigate differences in CoM trajectory length between NW and TW in individuals with iSCI and controls. The Chi-square test of Independence was used to test for sex differences. Descriptive statistics were also used to compare walking speed, step length and -width, and body height within and between controls and individuals. All reported p-values for the demographic and biomechanical data were Bonferroni-corrected per comparison group and reported in the results when significance was not met. Results are shown as the median and interquartile range (IQR). Spearman rank correlations were used to assess the relationship between (1) Mean TW coherence in the (21–44 Hz) high-frequency and alpha (8–12 Hz) band and Max MEP amplitude, (2) Mean TW coherence in the high-frequency and alpha band and mean spinal cord independence measure (SCIM) outdoor score, (3) TW effect (TW – NW high-frequency/alpha coherence) and TW speed, (4) TW effect, mean 3-D Euclidean distance, and (5) mean high-frequency/alpha coherence and 3-D CoM trajectory length. SCIM outdoor score was averaged from the acute to the chronic stage to account for the amount of recovery during rehabilitation.




Results


Recruitment

Thirteen participants with subacute or chronic iSCI (ten males; median age 58 years, IQR = 13; one subacute, twelve chronic; see Table 1) and twenty-four controls (14 females; median age 28.5 years, IQR = 5.5; see Table 2) were enrolled in this study. Individuals with iSCI were older than controls (T = 400, n = 37, z = 4.88, p < 0.0001, r = 0.8) and sex differences were found between the groups [χ2(1) = 4.22, p = 0.04]. Three iSCI participants who made use of walking aids in everyday walking activity held handrails during both treadmill walking tasks (P01, P10, P15; Table 1). Control participants did not require the use of handrails.

Two individuals with iSCI (not listed in Table 1) were excluded from the analysis due to missing TW data in one case and inconsistent usage of aids during tasks in the other individual. Details on gait parameters are reported in the Supplementary Results.



Modulation of intramuscular coherence

Pooled coherence estimates in Figure 2A provide a general summary of the correlation structure in each cohort and task. In the control cohort, we obtained larger coherence magnitudes during TW than NW over the 8–12 Hz and 21–44 Hz range (Figure 2A, left upper panel) (p < 0.05), whereas in the iSCI cohort no differences were obtained between TW and NW (Figure 2A, right upper panel) (p > 0.05). Furthermore, lower intramuscular coherence magnitudes were obtained in the iSCI cohort compared to the control cohort. The cumulant density structure (Figure 2A, lower panel, second from left) in controls displayed secondary rhythmic peaks at –58/+62 ms for NW and TW and ±30 ms for TW, consistent with the corresponding periodicities of 17.2/16.1 and 33.3 Hz, respectively, found in the coherence plot (Figure 2A, left upper panel) and were accompanied by the enhanced central peak at time lag 0 ms (Halliday et al., 1995). In the iSCI cohort, the cumulant density structure for NW showed secondary peaks at ± 190 ms and –310 ms, corresponding to 5.3 and 3.2 Hz, respectively, accompanied by a central peak at time lag 0 ms (Figure 2A, lower panel, third from left). The TW effect (calculated by subtracting mean NW coherence from mean TW coherence in the high-frequency band in single participants) was significantly higher in healthy controls compared to individuals with iSCI (T = 44, n = 37, z = –3.56, p < 0.001, r = –0.59). To illustrate this, examples of the analysis obtained from a control and two individuals with iSCI are given below (Figure 2B) and how variation in coherence measures across the iSCI group relates to clinical assessment is explored in the next sections (Figures 3, 4). In a single control (Control 24, Figure 2Ba), who showed a median TW effect, we found an enhanced modulation of intramuscular coherence in the 21–44 Hz range. This modulation was also reflected in the respective EMG power spectra and the cumulant had a clear sharp peak at time lag 0 ms. Such enhanced modulation of intramuscular coherence in the frequency band 21–44 Hz was lacking or reduced to various degrees in individual individuals with iSCI (Figures 2Bb,c): While iSCI 09 (Figure 2Bb) showed increased intramuscular coherence during TW compared to NW with a pointed peak in the cumulant density plot at time lag 0 ms, iSCI 10 (Figure 2Bc) showed little intramuscular coherence for TW and NW and the cumulant density plot was broader compared to that of iSCI 09 and Control 24. The repeated measures ANOVA with a Greenhouse–Geisser correction determined that TW high-frequency coherence was significantly higher than NW high-frequency coherence [F(1.0,35.0) = 25.705, p < 0.001]. Furthermore, there was a statistically significant interaction between TW and NW high-frequency coherence and group [F(1.0,35.0) = 13.042, p < 0.001]. The repeated measures ANOVA with a Greenhouse–Geisser correction determined that TW alpha band coherence was significantly higher than NW alpha band coherence [F(1.0,35.0) = 17.147, p < 0.001]. However, there was no statistically significant interaction between TW and NW alpha band coherence and group [F(1.0,35.0) = 3.266, p = 0.079]. Thus, the change observed between TW and NW alpha band coherence does not depend on the type of group and further analyses on the alpha band coherence should be interpreted cautiously.
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FIGURE 2
Pooled coherence estimates, single-participant coherence, and cumulant densities during walking. (A) Pooled TAp-TAd coherence estimates for controls during NW (black) and TW (gray) (top left) and individuals with iSCI during NW (blue) and TW (red) (top right) and the corresponding cumulants are shown (bottom with expanded lag scales in second and fourth position). The non-shaded area indicates the high-frequency range (21–44 Hz) of interest. The pooled cumulant densities are zoomed to allow for better visualization of secondary features (see arrows). Dashed horizontal lines indicate the upper 95% confidence interval limits. (B) Single TAp-TAd coherence estimates, power spectra and cumulant densities for (a) a control (Control 24) who shows a median effect of increased mean high-frequency intramuscular coherence (non-shaded area) during TW compared to NW. iSCI 09 (b) shows high mean high-frequency coherence (non-shaded area) during TW while iSCI 10 (c) shows the lowest mean high-frequency coherence (non-shaded area) during TW. Dashed horizontal lines indicate the upper 95% confidence interval limits. The non-shaded area in the single coherence estimates presents the frequency range of interest 21–44 Hz. Note that the y-scale is different for the power spectra in (Ba–c). iSCI, incomplete spinal cord injury; TAp, Tibialis anterior proximal; TAd, Tibialis anterior distal; NW, Normal walking; TW, Target walking. ***P < 0.001.



[image: image]

FIGURE 3
Relationship between high-frequency coherence and clinical parameters. (A) Mean SCIM outdoor mobility score positively correlates with high-frequency coherence during TW. (B) Maximum MEP amplitude of Tibialis anterior muscle (TA) positively correlates with high-frequency coherence during TW. Dots represent individuals with iSCI and their ID. (C) Examples for MEP traces of iSCI 09 (top) who has a high MEP amplitude and high mean high-frequency coherence value and iSCI 10 (bottom) who has low a MEP amplitude and low mean high-frequency coherence value. iSCI, incomplete spinal cord injury; MEP, magnetic evoked potential; SCIM, spinal cord Independence measure; TAp, Tibialis anterior proximal; TAd, Tibialis anterior distal; TA, Tibialis anterior muscle; TW, Target walking.
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FIGURE 4
High-frequency coherence is related to gait parameters. (A) TW speed did not influence increased high-frequency coherence during TW compared to NW, as shown by the TW effect (Target walking – Normal walking): iSCI (purple dots) and controls (dark gray triangles) increased high-frequency band coherence independent of their walking speed in TW. The non-shaded area depicts iSCI and controls with the same walking speeds. Dashed red line indicates the zero value and distinguishes positive and negative TW effects. (B) In controls, increase of high-frequency coherence during TW as shown by TW effect (Target walking – Normal walking) correlated negatively with mean Euclidean distance, whereas in iSCI no correlation was found. Thus, controls who were able to adapt their gait pattern during TW showed decreased TW effect compared to those controls who adapted their gait pattern to a lesser extent. Dashed red line, dots and triangles as in (A). (C) A reduction of 3-D CoM trajectory length along with an increase in high-frequency coherence is a typical mechanism found during TW in controls but there is no significant relationship between these parameters. (D) However, in individuals with iSCI, 3-D CoM trajectory length during TW negatively correlates with mean TW high-frequency coherence in (red dots). No such relationship was found during NW in individuals with iSCI (blue dots). Gray dotted lines and purple dashed lines connect NW and TW for each control and iSCI, respectively. Dots (individuals with iSCI) and triangles (controls) represent single participants and their ID. Large dots and triangles depict the median and their 95% confidence intervals. iSCI’s ID’s are shown for the skilled or less affected individuals. CoM, center of mass; iSCI, incomplete spinal cord injury; NW, Normal walking; TAp, Tibialis anterior proximal; TAd, Tibialis anterior distal; TW, Target walking. Spearman’s rho and p-values are presented where significant; regression lines and 95% confidence limits are omitted for clarity.




Relationship between coherence and clinical/neurophysiological parameters in individuals with incomplete spinal cord injury

Spinal cord independence measure outdoor mobility score positively correlated with mean TW high-frequency coherence (21–44 Hz) [spearman’s ρ(11) = 0.59, p = 0.043] (Figure 3A) but not with mean NW high-frequency coherence [spearman’s ρ(11) = 0.56, p = 0.059]. Thus, individuals with high mean SCIM outdoor scores exhibited greater high-frequency coherence in the TW condition. Significant mean high-frequency coherence estimates obtained during TW correlated positively with maximum MEP amplitude of the right Tibialis anterior muscle [spearman’s ρ(11) = 0.69, p = 0.012] (Figure 3B). This is in line with observations previously demonstrating a relationship between MEP amplitude, Tibialis anterior coherence, and ankle dorsiflexion during the swing phase of walking in individuals with iSCI (Barthélemy et al., 2010). There was no relationship between TW high-frequency coherence modulation and MEP latency [spearman’s ρ (11) = –0.36, p = 0.224]. Figure 3C shows examples of one iSCI individual with a relatively high MEP amplitude and high-frequency coherence (iSCI 09, top) and another iSCI individual with low MEP amplitude and high-frequency coherence (iSCI 10, bottom). High-frequency coherence obtained in NW did not correlate with MEP amplitude [spearman’s ρ(11) = 0.55, p = 0.053] and latency [spearman’s ρ(11) = –0.26, p = 0.373].

Motor-evoked potentials amplitude correlated positively with mean TW alpha band coherence (8–12 Hz) [ρ(11) = 0.74, p = 0.006] but not with NW alpha band coherence [ρ(11) = 0.07, p = 0.835]. No significant correlation was found between mean alpha band coherence and MEP latency for TW [ρ(11) = –0.33, p = 0.271] and NW [ρ(11) = 0.03, p = 0.935]. Furthermore, no significant correlation was found between mean alpha band coherence and SCIM for TW [ρ(11) = 0.24, p = 0.451] and NW [ρ(11) = 0.18, p = 0.582].

To check whether TW effects are solely obtained for the high-frequency coherence (beta and gamma band, 21–44 Hz), we calculated the mean coherence in the low beta frequency range (13–21 Hz) for TW and NW. MEP amplitude was not correlated with mean low beta frequency coherence during TW [ρ(11) = 0.44, p = 0.135], nor during NW [ρ(11) = 0.46, p = 0.119].



High-frequency band coherence is related to gait parameters during Target walking

Target walking effect was calculated by subtracting mean NW coherence from mean TW coherence in the high-frequency band and alpha band (the resulting value describes the increase of coherence during TW).

Target walking speed in the control group or in iSCI did not influence the increase of high-frequency coherence seen during TW in controls [spearman’s ρ(22) = –0.24, p = 0.260] or iSCI [spearman’s ρ(11) = 0.46, p = 0.11] (Figure 4A) nor the increase of alpha band coherence during NW in controls [spearman’s ρ(22) = –0.06, p = 0.789] or iSCI [spearman’s ρ(11) = 0.13, p = 0.66]. As the non-shaded area indicates in Figure 4A, iSCI and controls with the same TW speed exhibited different TW effects. The mean Euclidean distance was negatively correlated with the TW effect of high-frequency coherence in controls [spearman’s ρ(22) = –0.43, p = 0.035] (Figure 4B). Thus, controls who reduced their CoM movement in the TW task and obtained higher mean Euclidean distances between TW and NW exhibited lower TW effects (smaller coherence difference between TW and NW in the high-frequency band). Mean Euclidean distance did not affect TW effect in individuals with iSCI [spearman’s ρ(11) = –0.03, p = 0.92]. The TW effect of alpha band coherence was not significantly correlated with the mean Euclidean distance in either controls [spearman’s ρ(22) = –0.11, p = 0.96] or iSCI [spearman’s ρ(11) = 0.13, p = 0.682].

A significant reduction of TW 3-D CoM trajectory length was observed during TW compared to NW in controls. However, no relationship was found with high-frequency coherence for either task [NW: spearman’s ρ(22) = –0.09, p = 0.673; TW: spearman’s rho(22) = 0.12, p = 0.586] (Figure 4C) or alpha band coherence [NW: spearman’s ρ(22) = –0.19, p = 0.371; TW: spearman’s rho(22) = –0.13, p = 0.536]. In individuals with iSCI, 3-D CoM trajectory length on average did not differ between the tasks. However, TW 3-D CoM trajectory length negatively correlated with mean high-frequency coherence during TW [spearman’s ρ(11) = –0.71, p = 0.009] (Figure 4D). Thus, the individuals with iSCI who reduced their CoM trajectory length during TW generated greater high-frequency coherence. No significant relationship was found between NW high-frequency coherence and NW 3-D CoM trajectory length in individuals with iSCI [spearman’s ρ(11) = –0.43, p = 0.15] (Figure 4D). The alpha band coherence during TW correlated negatively with TW 3-D CoM trajectory length [spearman’s ρ(11) = –0.62, p = 0.029] but not during NW with NW 3-D CoM trajectory length [spearman’s ρ(11) = –0.25, p = 0.404] in individuals with iSCI.

Accuracy in ML-direction differed (T = 209.5, n = 24, z = 3.41, p = 0.0006, r = 0.7) between individuals with iSCI and controls, whereas no difference was found in AP-direction (T = 151, n = 24, z = 0, p > 0.05, r = 0).

Mean high-frequency band coherence did not correlate with task performance (accuracy) in controls [AP: spearman’s ρ(22) = –0.22, p = 0.499, ML: spearman’s ρ(22) = 0.45, p = 0.14] or individuals with iSCI [AP: spearman’s ρ(11) = 0.54, p = 0.075, ML: spearman’s ρ(11) = –0.39, p = 0.210] nor did the alpha band in controls [AP: spearman’s ρ(22) = –0.06, p = 0.85, ML: spearman’s ρ(22) = –0.24, p = 0.46] or individuals with iSCI [AP: spearman’s ρ(11) = 0.27, p = 0.40, ML: spearman’s ρ(11) = –0.36, p = 0.256].




Discussion

This study demonstrates that the magnitude of high-frequency (21–44 Hz) intramuscular coherence over the gait cycle is enhanced during TW and systematically related to adjustments affecting balance control in space (i.e., Euclidean distance between TW and NW) in a control group. However, in the iSCI cohort, high-frequency modulation was severely diminished, indicating impaired task adaptability. Interestingly, in iSCI individuals who regained reasonable skilled walking abilities, high-frequency coherence was preserved reflecting neural adaptability of gait potentiated during TW. This is the first experimental account of a correlation of high-frequency intramuscular coherence with biomechanical proxies for volitional gait adaptation and its systematic correlation with neurophysiological (MEP) and functional scores (self-reported walking performance in SCIM) in iSCI.


Intramuscular coherence during Target walking reflects visuomotor integration

In this study, TW is a proxy for complex outdoor walking where participants need to voluntarily modify their step length and width to accommodate obstacles and adjust the step cycle to the terrain (Dietz, 1992; Drew and Marigold, 2015).

Corticomuscular coherence in high-frequency bands, namely the beta and gamma spectra, is associated with supra-spinal input (Conway et al., 1995; Salenius et al., 1997; Brown et al., 1998; Petersen et al., 2012) as it is modulated by demanding tasks (Brown et al., 1998) requiring attention (Johnson et al., 2011) and precision (Kristeva-Feige et al., 2002). In support of this notion, increased corticomuscular coherence at 15–35 Hz has been observed after visuomotor skill training of the ankle dorsiflexor (Perez et al., 2006). In individuals with iSCI performing regular treadmill walking, previous studies have shown reduced or absent intramuscular TAp-TAd coherence in the high-frequency band, which was attributed to compromised descending motor input (Hansen et al., 2005; Barthélemy et al., 2010). In addition, in this study, the high-frequency coherence modulation as observed in the control subjects was not uniformly expressed in individuals with iSCI. In a majority of iSCI individuals, modulation was lacking during TW (for instance, iSCI 10), while it could be observed in some individuals (for instance, iSCI 09). Interestingly, the individual differences appear to relate to the capability of individuals to adjust their gait to challenging Targeted walking tasks. This finding is novel and expands on previous studies demonstrating the reduction of high-frequency coherence during NW in individuals with iSCI.

The results of the coherence analysis in the iSCI cohort are supported by cumulant estimates, which reveal variations in the size and width of the central peak. Both the central peak amplitude and width in the cumulant are indicative of time domain features that reveal variations in the degree and frequency content of descending inputs contributing to synchronization within the recorded Tibialis anterior EMG (Hansen et al., 2005).

In contrast to the high-frequency observations, the alpha band coherence change from NW to TW was not different between the groups. One reason for this may be that spinal interneurons that drive the spinal motoneurons remain functional in individuals with iSCI (Hansen et al., 2005).



Intramuscular coherence and its relationship to gait adaptability mechanisms in controls and individuals with incomplete spinal cord injury

Effective capacity to adapt gait to external demands can be assessed with the SCIM outdoor mobility score (van Hedel and Dietz, 2009). We found a positive correlation between mean SCIM outdoor score and high-frequency band coherence during TW in individuals with iSCI, indicating that coherence corresponds to self-experienced walking abilities. This is supported by previous results, showing that the ability to reduce the TW 3-D CoM trajectory length correlated with the mean SCIM outdoor mobility score (Mohammadzada et al., 2022). Walking speed is commonly used to quantify walking capacity in individuals with iSCI (van Hedel et al., 2007; van Silfhout et al., 2017) and was lower in individuals with iSCI than in controls. However, in this study, TW speed was unrelated to the increase of intramuscular high-frequency coherence during TW. This is an expected result as walking speed is generally represented by intramuscular coherence in low-frequency bands that capture features related to gait rhythm and the overall EMG burst envelope, while high-frequency features are generally considered to provide insight into common EMG activity features that occur within EMG bursts. Accordingly, the difference in TW speed between both groups cannot explain the difference in high-frequency coherence found for individuals with iSCI and controls as demonstrated by iSCI and controls walking at similar TW speeds (see Figure 4A).

Adjustments of 3-D CoM movement to TW demand were assessed by estimating the mean Euclidean distance between TW and NW. We found that those controls showing high mean Euclidean distance by reducing 3-D CoM movement during TW exhibited smaller increases in high-frequency coherence, thus, smaller relative TW effects on coherence (see Figure 4B). As such, a reduction of CoM movement was also found for individuals with iSCI despite their lack of coherence increase; this may point to a strategy to adapt to the TW demands, which may not necessarily rely on an increment of common rhythmic central drive. It may nevertheless involve preserved capacity for supra-spinal control given iSCI’s capability to reduce their CoM trajectory length during TW correlated negatively with TW high-frequency coherence (see TW in individuals with iSCI, Figure 4D). This suggests that TW provokes a higher demand on the common central drive through intact fibers of descending tracts to the muscles coupled to 3-D CoM trajectory length in some (less affected) individuals with iSCI (i.e., 03, 04, 09, 11). However, this may also indicate that the requirements necessary for the performance of a challenging walking task are coupled to anatomical and/or biomechanical constraints in individuals with iSCI. Thus, individuals with iSCI may be functionally restricted in their ability to adapt their walking pattern during TW due to impaired intralimb coordination, muscle weakness, proprioception (Awai and Curt, 2014), and level of injury (Mohammadzada et al., 2022).

Performance accuracy did not correlate with intramuscular TAp-TAd coherence. We assume that the mere demand of the task was enough to increase high-frequency and alpha band coherence, irrespective of how well the participants hit the target. Furthermore, intramuscular coherence when measured in Tibialis anterior alone may not be sensitive enough to detect minimal errors in ML direction and errors exaggerated in AP direction due to the nature of the task. Studies on the behavior of other muscle groups contributing to successful target hits, particularly in the ML direction are warranted.



The interplay of intramuscular coherence and motor-evoked potentials

In individuals with iSCI, high-frequency and alpha band coherence during TW positively correlated with MEP amplitude, which suggests that individuals with preserved corticospinal integrity adapt better to the challenging walking task.

It has been previously demonstrated that following locomotor training, individuals with iSCI with moderate muscle strength showed increases in maximum MEP size that correlated positively with 24-40 Hz coherence (Norton and Gorassini, 2006). The authors proposed that the increase in high-frequency (24–40 Hz) coherence may be mediated via spared corticospinal tract function in these individuals. Furthermore, as MEPs and intramuscular coherence in Tibialis anterior during early swing have been shown to be correlated with the degree of foot drop in single individuals with iSCI (Barthélemy et al., 2010), it is likely that in TW tasks, where precision in foot placement is a requirement, coherence modulation throughout swing is enhanced. The correlation to MEP amplitude was also present for the alpha band coherence during TW indicating that TW leads to an overall excitability change in neural systems that contribute to the generation of gait in iSCIs. However, in contrast to the high-frequency coherence, the difference between NW and TW alpha band coherence was not significant between the groups, suggesting that the former is a manifestation of mechanisms related to the TW task.

In our cohort, individuals 03, 04, 09, and 11 showed increased high-frequency band coherence during TW. We interpret this as an indication not only that a corticospinal innervation remains active in these individuals but that the innervation is capable of transmitting synchronizing inputs over the range of frequencies represented in the coherence results. In these individuals, TW may have recruited residual corticospinal drive, whilst in those individuals who failed to show enhanced high-frequency coherence together with small or delayed MEPs any residual corticospinal drive may be incapable of sustaining high-frequency synchronization within spinal motor pools. However, given the complex interplay of the corticospinal tract, the extrapyramidal motor system, reticulospinal, and ascending sensory tracts, their contribution to coherence needs to be further investigated. Seven out of 13 individuals with iSCI (01, 02, 04, 10, 14, 15, 16) had sensory scores lower than 100 points (max is 112), whereas the others had higher scores. Of those individuals with low sensory scores, the majority (5 out of 7; 02, 10, 14, 15, 16) had mean high-frequency TW coherence magnitudes lower than 0.03. This points toward an interrelation between sensory impairment and low levels of high-frequency coherence. Previous studies support this notion. For instance, modulation of afferent input via arm cooling has been shown to reduce beta-band corticomuscular coherence in hand- and arm muscles in some controls (Riddle and Baker, 2005). Similarly, digital nerve anesthesia of the hand muscle led to a decrease of beta-band intermuscular coherence in controls (Fisher et al., 2002). The lack of the afferent input also leads to a reduction of intermuscular coherence in the beta range (15–30 Hz) shown in studies investigating a deafferented patient (Kilner et al., 2004; Schmied et al., 2014).



Limitations

Incomplete spinal cord injury characteristics were different in terms of etiology, level of injury, and central and peripheral neurological pathologies. In addition, controls were neither sex-, age-, nor walking speed-matched.

Age may have affected the results, although its effects on intramuscular beta band coherence are ambiguous (Semmler et al., 2003; Jaiser et al., 2016; Spedden et al., 2018; Watanabe et al., 2018) and we found significant sex differences between the cohorts. Moreover, our results suggest that the decrease in intramuscular coherence during TW and NW is due to the individual’s neurological impairment since similar results have been obtained in previous studies during NW (Hansen et al., 2005; Barthélemy et al., 2010).

The TW task was not adapted to individual step width and length, which may be comparable to challenges faced when walking outdoors in a natural environment and may similarly affect individuals with iSCI and controls. We are confident that the measurements and analysis conducted were not affected by cross-talk between the muscle pairs, which, if present, would be characterized by significant high-amplitude broad-band coherence and a narrow central peak in the cumulant density (Hansen et al., 2001; Halliday et al., 2003). CoM calculation was not based on a full-body marker set because reliable placement of the torso markers was prevented by the safety harness necessary for this iSCI population. Nevertheless, the approximated CoM model is well understood in its limitations (Gard et al., 2004; Süptitz et al., 2013; Havens et al., 2018).

Although the Tibialis anterior muscle is mainly active during the swing phase of gait, we analyzed intramuscular TAp-TAd coherence for the entire gait cycle. We were interested in the correlation pattern across the entire gait cycle since gait abnormalities in iSCI are not restricted to specific gait phases. However, extending the study to investigate intermuscular coherence between additional lower limb muscles during TW is warranted in order to determine which specific phases of the gait cycle increased high-frequency coherence contributes most. Furthermore, we aimed at investigating the dynamic relationship with the CoM parameters which considers the entire gait cycle as well. We further focused on the intramuscular coherence of the Tibialis anterior since this ankle dorsiflexor muscle is proposed to receive neural drive from supra-spinal systems as shown in controls (Schubert et al., 1997; Halliday et al., 2003; Spedden et al., 2019b) as well as pathological walking (Hansen et al., 2005; Nielsen et al., 2008). Spasticity, which may alter the walking pattern and -capacity in individuals with iSCI (Krawetz and Nance, 1996), was not assessed. The comparison to EEG-EMG coherence literature is limited, as frequency bands were determined in a data-driven approach and not through predefined ranges commonly used in EEG. Future studies are required to investigate the test-retest reliability of intramuscular coherence during TW, as one previous study pointed out limits of agreement and reliability under specific conditions during NW (van Asseldonk et al., 2014).




Conclusion

To our knowledge, this is the first study to demonstrate an interplay between intramuscular coherence and biomechanical features of gait, here quantified by CoM control. Individuals with iSCI generated less coherence in high-frequency bands during TW than controls whereas no difference was found for the alpha band. Furthermore, the extent of reduced modulated high-frequency coherence was related to MEP pathologies, biomechanical proxies for the gait disturbance, and self-reported walking performance (SCIM).

Thus, intramuscular coherence during TW could be used to quantify preserved supra-spinal control in individuals with iSCI since it quantifies subtle gait disturbances. Intramuscular coherence may provide a complementary insight into the recovery of gait function beyond gross motor scores (such as muscle strength and walking distances) where a targeted advancement of fine motor control may benefit gait rehabilitation strategies.
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Introduction: Race-walking is a sport that mimics normal walking and running. Previous studies on sports science mainly focused on the cardiovascular and musculoskeletal systems. However, there is still a lack of research on the central nervous system, especially the real-time changes in brain network characteristics during race-walking exercise. This study aimed to use a network perspective to investigate the effects of different exercise intensities on brain functional connectivity.

Materials and methods: A total of 16 right-handed healthy young athletes were recruited as participants in this study. The cerebral cortex concentration of oxyhemoglobin was measured by functional near-infrared spectroscopy in the bilateral prefrontal cortex (PFC), the motor cortex (MC) and occipital cortex (OC) during resting and race-walking states. Three specific periods as time windows corresponding to different exercise intensities were divided from the race-walking time of participants, including initial, intermediate and sprint stages. The brain activation and functional connectivity (FC) were calculated to describe the 0.01-0.1 Hz frequency-specific cortical activities.

Results: Compared to the resting state, FC changes mainly exist between MC and OC in the initial stage, while PFC was involved in FC changes in the intermediate stage, and FC changes in the sprint stage were widely present in PFC, MC and OC. In addition, from the initial-development to the sprint stage, the significant changes in FC were displayed in PFC and MC.

Conclusion: This brain functional connectivity-based study confirmed that hemodynamic changes at different exercise intensities reflected different brain network-specific characteristics. During race-walking exercise, more extensive brain activation might increase information processing speed. Increased exercise intensity could facilitate the integration of neural signals such as proprioception, motor control and motor planning, which may be an important factor for athletes to maintain sustained motor coordination and activity control at high intensity. This study was beneficial to understanding the neural mechanisms of brain networks under different exercise intensities.
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functional near-infrared spectroscopy, race-walking, exercise intensity, brain activation, functional connectivity


Introduction

Race-walking is a sport that mimics normal walking and running. The rules for this event, set by the International Association of Athletics Federations, require that the supporting leg remains straight at first contact with the ground until the body passes over the sole. In addition, the toes of the back foot should not leave the ground until the heel of the front foot touches the ground to ensure that both feet are not off the ground at the same time. In addition, the rules require the athlete to present a straightened knee from initial contact to the “vertical upright position” and no visible loss of contact. These rules distinguish race-walking from walking and running, making race-walking possesses a unique locomotor strategy different from other sports (Zhang et al., 2019). Physiological studies had shown that race-walking has higher restricted joint biomechanics and muscle energy costs than running (Cronin et al., 2016; Gomez-Ezeiza et al., 2019). Therefore, investigating the motor mechanisms of race-walking might be crucial for practitioners of this discipline.

The race-walking process is controlled by both peripheral and central systems. Traditionally, sports science focused on the effects of the exercise on cardiovascular and musculoskeletal systems. For example, the speed and distance of exercise is determined by the number of motor units that are recruited in our exercising limbs (Katz, 2010), the quality of the muscle fibers that produce force (Rae et al., 2010), and the size of the maximal cardiac output (Levine, 2008; Shephard, 2009). However, the theory that motor performance is primarily limited by the changes in cardiovascular and skeletal muscle metabolism has been generally questioned. With the fatigue development in the peripheral muscle fibers, the brain must regulate additional fresh fibers as compensation to assist those fatiguing fibers to sustain the work rate. This process continues progressively until all available motor units in the active muscle has been recruited. In fact, it has been established that less than 50% of active muscle fibers were recruited during prolonged exercise (Tucker et al., 2004; Amann et al., 2006); Even at maximum exercise intensity, that recruitment is only increased to about 60% (Albertus, 2008). Thus, the regulation of the central nervous system seemed to be the essence that determines the changes in motor performance.

There is growing evidence that the most important factors affecting motor performance begin and end in the brain (Noakes, 2011). Existing studies have described the relationship between the central system and the peripheral system through imaging methods. During incremental exercise, the concentration of oxygenated hemoglobin (HbO2) in the prefrontal cortex (PFC) continues to increase, and decreases before the end of exercise due to exhaustion (Rupp and Perrey, 2008; Kojima et al., 2022). Since reduced HbO2 in the PFC is associated with reduced muscle force generation capacity (Rasmussen et al., 2007), this may provide evidence that PFC plays a role in motor termination (Robertson and Marino, 2015). In addition, because of motor related areas could increase muscle power output with increasing exercise intensity, the neural activity of the motor cortex (MC) continues to increase in incremental exercise and it is also reported to decrease before the end of the exercise. However, some studies believe that no changes in neural activity seem to occur in PFC regions during submaximal and maximal exercise (Brümmer et al., 2011; Schneider et al., 2013), while changes in MC seem to be more able to reflect neural changes during movement (Jung et al., 2015). Over all, from the perspective of functional systems theory, the central nervous system determine the effectiveness of exercise (Kolomiets et al., 2017).

Recent research in neuroscience highlights the brain as a widespread and interconnected network that plays a fundamental role in controlling behavioral performance. Thus, analysis of regional activity levels may not adequately reflect the modulation of exercise-induced cortical mechanisms. The functional network throughout the cerebral cortex may be dramatically affected from normal resting to exercise states (Raichlen et al., 2016), and cortical network changes during exercise can be effectively evaluated in connectivity–based approach. Functional connectivity (FC) is defined as the statistical dependencies among remote neurophysiological events, which is a statistically quantifiable and observable phenomenon. Both activation and functional connectivity are parameters for evaluating the brain’s function (Stephan et al., 2009). A study of comparison on the effects of aerobic and anaerobic exercise on FC of brain network shows that aerobic exercise could increase the resting state FC in attention network (Schmitt et al., 2019). Furthermore, low and moderate-intensity exercise could enhance the resting state FC in the attention network as well as sensorimotor network (Rajab et al., 2014; Schmitt et al., 2019; Büchel et al., 2021). Thus, increased functional connectivity may contribute to the maintenance of exercise. In addition, the central executive network can be down-regulated if prolonged exercise is expected, in order to save mental resources (Radel et al., 2017). This might be another mode to the maintenance of exercise. However, how the functional interaction or connectivity changes between brain regions during a sustained high-intensity exercise remains a question that needed to be explored.

With the development of neuroimaging technology, it is possible to use functional near-infrared spectroscopy (fNIRS) to evaluate brain function changes during exercise in real time. The multichannel fNIRS instrument can measure the temporal correlation of cortical region changes and subsequently enable fNIRS-based activation or functional connectivity assessments (Chang-Hwan, 2010; Medvedev, 2014). The fNIRS is an optical imaging method based on the hemodynamic response, which can detect the changes in HbO2 and deoxygenated hemoglobin (HHb) concentration levels in the microcirculation of brain tissue very effectively, with good spatial and temporal resolution. (Jobsis, 1977; Naseer and Hong, 2015). Simultaneous functional magnetic resonance imaging (fMRI) research revealed that fNIRS measurement of HbO2 is highly correlated with fMRI measurement of blood oxygen level-dependent, suggesting that fNIRS could be an appropriate substitute for fMRI (Kim et al., 2017; Yücel et al., 2017). Compared with other non-invasive conventional functional imaging tools, such as fMRI and positron emission tomography, in general, fNIRS are characterized as safe, convenient, and inexpensive, and have fewer physical or environmental limitations and taboos (Naseer et al., 2014; Herold et al., 2017). Thus, it is readily applicable in the process of exercise to detect hemodynamic fluctuation in different movement states of athletes. In addition, filtering out cardiac and respiratory noise (Tachtsidis and Scholkmann, 2016; Fantini et al., 2018) can be addressed with the relatively high sampling rate of the fNIRS device (Fantini et al., 2018).

Performing high-intensity motor tasks might require a higher level of attention and sensorimotor processing to integrate visual and proprioceptive. Neuroimaging studies have shown that the PFC contributes to many higher-order behaviors, including motion planning, organization, regulation, speed, and direction of motion, and synthesis of multiple information required for complex behaviors (Hussar and Pasternak, 2013; Nee and D’Esposito, 2016). In addition, the PFC plays a broad role in controlling the process of goal-directed actions (D’Esposito et al., 2000; Miller and Cohen, 2001; Herd et al., 2006). The MC is mainly involved in the coordination and execution of complex motor sensations and motor functions, and controls human movement through spatial sensation and motor planning (Franceschini et al., 2003). The occipital cortex (OC), as visual cortex, is not only related to visual function, but also essential for conscious perception of various parts of the body, and can be modulated by visual stimuli, visually guided attention, and motor actions (Miller et al., 1993; Astafiev et al., 2004). These regions may be involved in responses to race-walking exercise in different coordinated ways. Thus, we measure the changes in cerebral oxyhemoglobin concentrations in the PFC, MC and OC. This study aimed to use a network perspective to investigate the effects of different exercise intensities on brain functional connectivity by the fNIRS imaging. We hypothesized that MC related brain functional connectivity would gradually increase to maintain the ability of the central system to regulate motor behavior in high exercise intensities. The results of this study might broaden our knowledge of the changes of brain functional networks during race-walking exercise. Real-time assessment of the functional status of central nervous system based on network connectivity characteristics helps to determine the strategy of the definite athlete adaptation, and estimates the effectiveness of the exercise process.



Materials and methods


Participants

Sixteen healthy young right-handed athletes aged 18–27 years from Ludong University were recruited to participate in this study. All of them met the competition criteria for the 2016 Rio de Janeiro Olympic Games (male 84-min and female 96-min for 20 km). Among the selected participants, 2 were excluded because of loose detectors during race-walking exercise. Therefore, the number of valid samples for the final analysis was 14 (8 males, accounting for 57%). All participants were screened for any history of significant medical, neurological or psychiatric injuries and disorders, which might affect brain structure or function. The researchers introduced the basic information (including experimental purposes, procedures, schedules, announcements, and contributions) of the experiment to the study participants and obtained their consent. All participants were required to have adequate sleep and were not allowed to participate in exercise within 24 h before the experiment. The Animal Ethics Committee of the Capital University of Physical Education and Sports (Beijing, China) approved all procedures and protocols. All participants signed informed consent before participating in all.



Procedures

The experiment was conducted as a training lesson. Participants were asked to sit quietly for 5–10-min before the start of the experiment to eliminate the existing hemodynamic response caused by their activity. Subsequently, the research assistant wears the fNIRS equipment for the participants. The experiment was divided into two states, namely the resting state and race-walking state, and fNIRS was implemented continuously throughout the experiment. During the resting state, participants were instructed to stay awake with their eyes closed and remain quiet for 10-min. Then, all participants performed a 20-min warm-up. In race-walking state, participants were required to complete a 20-km race-walking on a treadmill (0% incline) within the required time of routine training. Three specific periods as time-windows corresponding to different exercise intensities were divided from the total time of participants. In order to better distinguish different exercise intensities, the three time-windows should be as far apart as possible. The fNIRS signal of 0.01–0.1 Hz was selected in this study, which was considered to be physiologically important and might reflect spontaneous neural activity (Scholkmann et al., 2014). In addition, more than five low-frequency periods are required to ensure the accuracy of the phase information (Bandrivskyy et al., 2004). Thus, the detection time for each time-window was set to 10-min. The first 10-min of race-walking state was extracted as the initial stage (male, 3.7 m/s; female 3.2 m/s), the middle 10-min as the intermediate stage (male, 3.8 m/s; female 3.3 m/s), and the last 10-min as the sprint stage (male, 4.0 m/s; female, 3.4 m/s). The detailed time schedule of race-walking was shown in Table 1.


TABLE 1    The detailed time schedule of race-walking.

[image: Table 1]

Basic information including gender, age, height, weight, blood pressure and medical history were recorded by the staff on the day before the experiment. Since heart rate measurement was a useful tool for detecting exercise intensity (Reis et al., 2011), the sports watch was used to monitor real-time heart rate changes during race-walking in the participants. The basic information and behavioral parameters of participants were shown in Table 2. In the present study, there were significant differences in the mean heart rates of the participants under the three time-windows, as shown in Table 3. The heart rate in each stage was averaged over the corresponding time-window. Therefore, the exercise intensity of the initial, intermediate and sprint stages could be distinguishable, respectively. During the race-walking, the experiment was terminated immediately if any symptoms developed or were suspicious (e.g., pain and tenderness, swelling, fever, redness or discoloration, and distension of the lower extremity surface veins, hypoxia, respiratory events, or chest pain).


TABLE 2    Basic information of participants and behavioral parameters.

[image: Table 2]


TABLE 3    Statistical analysis of participants in three time-windows.
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Functional near-infrared spectroscopy data acquisition

This experiment adopts the multi-channel fNIRS system (NirSmart, Dan Yang hui gen medical instrument co., LTD.). In addition, the study adopted the 760 nm and 850 nm of two different wavelengths of near-infrared light to detect HbO2 and HHb concentration level changes. The inter–optode distance was 3 cm and the sampling rate was 10 Hz. Forty measurement channels, consisting of 24 light source probes and 13 detector probes, were established for measurement. The channel filling corresponding to 10/10 electrode positions was determined according to the different head sizes. With the help of the calibration function of the instrument and the corresponding template, the center of the middle probe setting row was placed near the FPz. As shown in Figure 1, the template and probe were symmetrically placed in the PFC (lPFC/rPFC), MCs (lMC/rMC), and OCs (lOC/rOC) regions on the left and right sides.


[image: image]

FIGURE 1
Schematic diagram of the fNIRS. Configuration of 24 source probes, 13 detector probes and 40 measurement channels. The top view (A), the front view (B), the rear view (C), and the side view (D).




Data pre-processing

The fNIRS signal preprocessing was carried out with the help of the NirSpark software package. During fNIRS, participants would have unavoidable head movements, especially during exercise. The commonly used correction methods for motion artifacts include spline interpolation, wavelet analysis, principal component analysis (PCA), etc., which had attracted extensive attention because of their great role in functional connectivity analysis (Zhang S. et al., 2021). In this study, the following steps were used to preprocess the fNIRS signals. In short, determining the components that may be associated with noise and artifacts requires us to perform PCA and independent component analysis (ICA) of the HbO2 and HHb signals for each channel. Firstly, PCA was used to reduce the dimension of each channel time series of each fNIRS, and ICA was used to separate the independent components of the same dimension. Through the inverse process of ICA and PCA, the remaining components of interest were reconstructed into signals of the same dimension as the original time series to separate unwanted sources from the hemodynamic response, including blood pressure, skin blood interference and non-evoked hemodynamic components (van de Ven et al., 2004; Zhang et al., 2010). Subsequently, the artifact portion was determined by identifying the impulse or cliff-type jumps caused by the relative sliding of the scalp and probes and was removed by cubic spline interpolation. Thirdly, the six–order Butterworth band–pass filter was used to retain the 0.01–0.1 Hz portion of the filtering signal and improve signal–to–noise ratio. Finally, the modified Beer-Lambert law was used to transform light intensity data into the relative change of the HbO2 and HHb based on different absorption spectra, the formula is as follows:

[image: image]

OD is the optical density, IOi is the intensity of incident light with a wavelength of λi, Ii is the corresponding scattered light intensity, and Lλi is the optical path. [image: image] and [image: image] represent the light absorption coefficient and concentration of HbO2 and HHb with a wavelength of λi, respectively. ΔCHbOHHb represents the relative concentration changes in HbO2 and HHb concentrations. The following equation was used to calculate (Hu et al., 2019; Li et al., 2021):

[image: image]

Studies had shown that HbO2 was the most sensitive marker of activity-dependent changes in regional cerebral blood flow (Dashtestani et al., 2018; Fang et al., 2018; Sulpizio et al., 2018), specially locomotion-related changes in cerebral oxygenation (Holtzer et al., 2015, 2016, 2017; Hernandez et al., 2016; Lin and Lin, 2016; Verghese et al., 2017). In addition, HbO2 had a superior contrast-to-noise ratio to HHb. Therefore, HbO2 signals were analyzed to describe the hemodynamic changes in this study.



Brain activation

The cerebral oxygen signal measured by near infrared spectroscopy has very obvious time-frequency characteristics, and the frequency content can be continuously derived in time. By adjusting the length of the time domain and averaging the content in the time domain, the brain function parameters in a specific time range can be obtained. After preprocessing the original experimental data, a generalized linear model (GLM) was used to analyze the HbO2 signal time series data. GLM establishes the ideal hemodynamic response function (HRF) for each experimental paradigm and then calculates the degree of match between the experimental HRF value and the ideal HRF value, denoted by β. It represents the peak of the HRF function, and reflects the intensity or activation of the cerebral cortex (Chung et al., 2018; Ge et al., 2021). In this study, a pair of the adjacent light sources and detector forms a channel, and we calculate the intra-group average of β-value at the channel level. Then the image is generated by the interpolation method of inverse distance.



Brain functional network connectivity

Through Pearson correlation analysis, the correlation coefficient between regions could be obtained and the FC intensity also could be studied (Ge et al., 2021; Zhang N. et al., 2021). Therefore, a 6x6 functional connectivity matrix could be calculated for each participant. The formula is as follows:

[image: image]

Cov(a,b) represents the covariance of a and b; E(a) and E(b) represent the mean values of a and b, respectively; σa and σb represent the variance of a and b, respectively. ra,b was used to evaluate the strength of FC. This indicates that there is a strong correlation between the two cortical regions, which is proportional to the r-value.



Statistical analysis

In order to meet the assumptions required for parametric analysis, the normality test (Kolmogorov-Smirnov test) and variance uniformity test (Levene test) were performed on participant data, when p > 0.05, the variance was considered homogeneous. In this study, one–way ANOVA was performed on the region–wise activation and FC. Bonferroni correction was used for the multiple comparisons. There were six inter-group pair-wise comparisons, including resting vs. initial, resting vs. intermediate, resting vs. sprint, initial vs. intermediate, initial vs. sprint, and intermediate vs. sprint. The corrected p–value threshold was set at p < 0.0083 (0.05/6).




Results


Brain activation change

In this study, Figure 2 shows the results of cortical intensity or activation patterns in resting state (a), initial stage (b), intermediate stage (c) and sprint stage (d). The color bar number range on the right represents the β-value in the six brain regions and the purple color represents the higher activation than the blue color. We found that brain activation increased progressively with increasing walking intensity. In addition, the activation regions in the bilateral cerebral hemispheres were different during the initial, intermediate and sprint stages. However, although race-walking could induce a wide range of activation increases, there was no evidence that the β-value (P > 0.05) showed significant differences in the race-walking state compared with the resting state, as well as between different stages of race-walking.


[image: image]

FIGURE 2
The activation of the cerebral cortex during resting state (A), initial stage (B), intermediate stage (C) and sprint stage (D) under three viewing angles (top view, front view, and back view). The color reflects the mean β-value of each region on the time scale, and the purple color represents higher activation than the blue–colored regions. Gray node represents the channel formed by each light source probe and detector probe, and the CH number is the label of the channel.




Functional connectivity change

We examined changes of FC values in different four states. Figure 3 provided a visual indication of the connectivity significantly change among the cerebral regions between any two states. The line color indicates connectivity intensity, blue dots indicate nodes. We found that the FC changes between resting vs. initial stage mainly exist between MC and OC, as shown in Figure 3A, while PFC was involved in FC changes between resting vs. intermediate as shown in Figure 3B, and resting vs. sprint were widely present in PFC, MC and OC as shown in Figure 3C. In addition, when the initial development to the sprint stage, the significant changes of FC were displayed in PFC and MC, as shown in Figures 3D,E.


[image: image]

FIGURE 3
The functional connectivity visual map under different viewing angles. The connectivity line indicates the significant changes of r-value between resting and initial stage (A), resting and intermediate stage (B), resting and sprint stage (C), initial and intermediate stage (D), initial and sprint stage (E). The blue nodes represent six brain regions. Line color indicates the connectivity intensity, and the brighter color represents higher strength.


In detail, results of FC analysis showed that significant r-value increased in connectivity of lMC-lOC (p = 0.014), lMC-rMC (p = 0.001), lOC-rMC (p = 0.002), rPFC-rMC (p = 0.05), and rMC-rOC (p = 0.047), which was higher in initial stage than that in resting state, as shown in Figure 4A. Compared with resting state, significant increased FC value of lPFC-rMC (p < 0.001), lMC-lOC (p = 0.001), lMC-rPFC (p = 0.023), lMC-rMC (p < 0.001), lMC-rOC (p = 0.008), lOC-rMC (p < 0.001), rPFC-rMC (p = 0.001), rPFC-rOC (p = 0.016), and rMC-rOC (p = 0.001) were observed in intermediate stage, as shown in Figure 4B. The r-value exhibited significantly increased in lPFC-lMC (p = 0.022), lPFC-rMC (p = 0.001), lMC-lOC (p < 0.001), lMC-rPFC (p = 0.01), lMC-rMC (p < 0.001), lMC-rOC (p = 0.002), lOC-rMC (p < 0.001), rPFC-rMC (p = 0.003), and rMC-rOC (p = 0.004) in sprint stage compared with resting state, as shown in Figure 4C. In addition, the FC value of lPFC-rMC in intermediate stage (p = 0.004) and sprint stage (p = 0.001) were significantly increased than initial stage, as shown as Figures 4D,E.


[image: image]

FIGURE 4
The results of significant changes of FC value between resting and initial stage (A), resting and intermediate stage (B), resting and sprint stage (C), initial and intermediate stage (D), initial and sprint stage (E). *p < 0.05, **p < 0.01.


Overall, FC results showed a continuous increase from the resting to the intermediate stage. However, an interesting result was that the FC between several regions, such as lPFC and rMC, decreased in the sprint stage. Moreover, there was no significant difference in FC was found between the sprint and intermediate stages.




Discussion

In this study, portable fNIRS was used to detect the central nervous system activity during different time windows of race-walking, and cortical activation and FC indexes were used to explore the change patterns of brain network mechanisms under different intensity levels. The fNIRS signals were detected mainly in the 0.01–0.1Hz frequency interval, reflecting important neurovascular coupling activity (Scholkmann et al., 2014). This study mainly found that with the continuous development of race-walking, the mode of brain activation had undergone specific changes. In addition, the results of the brain network showed that with the exercise intensity rising, the intensity and number of brain connectivity began to increase significantly.

In this study, a seminal observation was that bilateral MCs activation occurred within 10 min of the beginning of race-walking compared to pre-exercise. Subsequently, hemodynamic responses of the prefrontal region were successfully induced, which might be the neural mechanism by which acute exercise could induce enhanced cognitive and control functions (Basso and Suzuki, 2017; Zaman et al., 2021). In the last 10 min of exercise, almost regional resources, including bilateral PFCs, MCs and OCs, participated in the sprint task. These discrepancies might reflect the following potential acute exercise effect. Our results suggested that spontaneous neural activity in PFC, MC and OC responds differently to exercise intensity. Spontaneous neural activity had been shown to have different physiological sources such as metabolic activity, neurogenic activity and myogenic activity in healthy people study (Xie et al., 2019, 2021), so hemodynamic parameters were closely controlled and regulated by these factors. Some neuroimaging reports believed that cerebrovascular reactivity was associated with chronic and acute exercise, respectively (Svensson et al., 2015; Vilela et al., 2017; Mueller et al., 2020; Vints et al., 2022), which also supports our conclusions. At higher exercise intensity, extensive cortical activation might improve information processing speed (Chang et al., 2012). In addition, the regional allocation of cerebral blood flow during the exercise stage might reflect changes in functional connectivity since others report acute exercise impacts attention-related brain networks (Kamijo et al., 2004; MacIntosh et al., 2014).

The quantification of cortical activation was a theoretical analysis based on the functional separation model of brain regions, while in reality cortical regions appeared as a brain network closely related in structure and function. The exercise was traditionally considered to be a process involving motor-related brain regions, such as the primary motor and premotor areas. However, the movement also involves many non-motor regions (Rizzolatti et al., 2014). In previous studies, the focus on the activation of brain regions and cortical activation changes during exercise was one-sided. The brain functional network method based on quantifying the number and strength of brain connectivity might have more authenticity.

Our FC results showed that MC-related brain networks first undergo specific changes at the early stage of exercise, such as a significant increase in the information exchange between bilateral MCs. Recent neuroimaging studies have shown that task-evoked functional connectivity was thought to have transient interactions between specific brain regions related to specific task performance (Moore et al., 2022), and exercise could enhance connectivity in sensorimotor-related brain networks (Rajab et al., 2014). We believe that this increase in the level of homologous interbrain interaction was related to the efficiency of effective information transmission, which might be beneficial to further strengthen the control and planning of movement, and this notion has been confirmed by human and rodent studies (Venezia et al., 2017; Moore and Loprinzi, 2021).

As exercise intensity increases, the connectivity between bilateral MCs and other regions began to strengthen, such as bilateral OCs. These results suggested that race-walking could induce enhanced synchrony of neural activation in bilateral MC and OC. On the one hand, this result was consistent with the conclusion that motor performance depended more on bilateral MCs when tasks were more demanding (Verstynen and Ivry, 2011). On the other hand, performing more complex motor tasks required higher levels of visuomotor coordinated responses, and OC might play a role in the integration of body parts perception and sensorimotor functions (Astafiev et al., 2004).

In addition, the connectivity between PFC and MC changed most obviously in the sprint stage, and the main difference between the sprint stage and the starting stage also existed in these regions. This phenomenon was also confirmed by a recent study, which showed that increased exercise intensity could induce positive connectivity between the frontal network system and other cortices, especially between the PFC and the parietal lobe (Voss et al., 2020). The PFC and MC were important components of the fronto-parietal motor control network, which involve cognitive and control functions. Generally, PFC is a major hub of default mode network and executive control network (Buckner et al., 2008), and had basic functions such as imagination and emotion processing. Recent neuroimaging studies had shown that apart from being important in cognitive function, PFC accomplishes motion planning, organization, regulation, speed, and direction of motion (Hussar and Pasternak, 2013; Nee and D’Esposito, 2016). Emerging evidence from human behavioral experiments suggested that acute exercise was associated with improved performance in the PFC, which determines executive ability during motor tasks (Astafiev et al., 2004; Guiney and Machado, 2013). Therefore, we had reasonable speculation that when exercise intensity reached a certain level, the strength of functional connectivity between the prefrontal lobe and the motor region was the main neural mechanism that affected exercise ability and performance.

It should be noted that only right-handed participants were selected for this study. Studies have shown that handedness could affect individual brain function, including activation regions and network connectivity (Lee et al., 2019; Nair et al., 2019), so the conclusions of this study might not be fully applicable to left-handed athletes. In addition, our study has several limitations. Firstly, short-distance channels were not used in the present study, which might be one of the most effective methods to purify the signal. The fNIRS signal mainly contains evoked components and non-evoked components (Scholkmann et al., 2014). We currently use PCA, ICA and an effective preprocessing method could remove non-evoked components and part of the evoked components (cannot distinguish evoked cerebral functional brain activity from evoked cerebral systemic activity). Therefore, short-distance channels should be used as a standardized step in future research. Another limitation is that we did not use wearable tools to monitor participants’ peripheral skeletal muscle data during race-walking, such as electromyography. We believe that because the fNIRS was implemented continuously throughout the experiment, the wearing of other monitoring devices for participants will increase the physiological burden, which could cause the negative effects on the brain network. Therefore, the focus of this study was to investigate changes in brain networks, rather than central-peripheral or neuromuscular coupling during race-walking. Thirdly, due to the characteristics and limitations of fNIRS, we only monitored cortical hemodynamic changes during race-walking. However, some subcortical regions, such as the insula, thalamus, and basal ganglia, are also involved in the neural control of motor performance (Moore et al., 2022). Therefore, more interesting results might be obtained by combining deep neuroimaging tools based on the methods in this study.

Overall, this network connectivity-based study confirmed that hemodynamic changes at different exercise intensities reflected different brain network-specific characteristics. Spontaneous neural activity in the PFC, MC, and OC responded differently to exercise intensity, and more extensive brain activation might increase information processing speed. In brain network connectivity, the increase in exercise intensity could improve the functional interaction between brain regions, which will be beneficial to integratng neural signals including proprioception, motor control and motor planning. It might be an important factor for athletes to maintain continuous motor coordination and control of activities under high intensity. This study extended the understanding of the brain networks involved in different exercise intensities, and it could be used as a sensitive and effective neural parameter to evaluate the effects of exercise.
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Objective: This study explored the influence of lower extremity manipulation on the postural after-effects of standing on an inclined surface.

Methods: Eight healthy individuals (28.0 ± 4.1 years) were recruited for this open-label, crossover study. Participants stood on an incline board for 3 min to develop a known form of somatosensory illusion. After randomization to either a lower-extremity joint manipulation or no intervention, participants immediately stood on a force plate for 3 min with eyes closed. After a 24-h washout period, participants completed the remaining condition. Center of pressure (CoP) position data was measured by a force plate and evaluated using statistical parametric mapping. Pathlength, mean velocity, and RMS were calculated for significant time periods and compared with corrected paired t-tests.

Results: Parametric maps revealed that CoP position of control and intervention conditions differed significantly for two time periods (70–86 s—control: 0.17 ± 1.86 cm/intervention: −1.36 ± 1.54 cm; 141–177 s—control: −0.35 ± 1.61 cm/intervention: −1.93 ± 1.48 cm). CoP pathlength was also significantly decreased for the second period (control: 6.11 ± 4.81 cm/intervention: 3.62 ± 1.92 cm).

Conclusion: These findings suggest that extremity manipulation may be a useful intervention for populations where CoP stability is an issue. This study contributes to the growing body of evidence that manipulation of the extremities can drive global postural changes, as well as influence standing behavior. Further, it suggests these global changes may be driven by alterations in central integration.

Clinical Trial Registration: ClinicalTrials.gov, NCT Number: NCT05226715.

Keywords: chiropractic manipulation, motor control, postural balance, somatosensory illusion, extremities


INTRODUCTION

Postural control has been defined as the act of maintaining, achieving, or restoring a state of balance during any posture or activity (Pollock et al., 2000). This requires an individual to regulate their body position and orientation, as well as respond to external perturbations (Maki and McIlroy, 1997; Shumway-Cook and Woollacott, 2017). Maintaining postural orientation is a complex task requiring the integration of the somatosensory, vestibular, and visual systems to orient the body with regards to the surface underfoot (Smart and Smith, 2001). A study by Marshall and Murphy (2010) found that altered paraspinal motor responses in participants with low back pain correlated with poor balance. Other studies have found alterations in kinesthetic sense (Heikka and Astrom, 1996) and standing balance (Sjostrom et al., 2003), as well as with pain following spinal injury (Brumagne et al., 2000; Descarreaux et al., 2005). These alterations have been shown to be influenced by decreases in joint position sense (Treleaven et al., 2003, 2006). Joint manipulation has previously been found to increase joint position sense (Gong, 2013) and maybe a valuable therapy in the treatment of kinesthetic balance disorders.

Previous investigations of spinal manipulation have found neurologically driven influences on the central nervous system including changes in cortical facilitation and sensorimotor integration, as well inhibition of motor responses (Haavik-Taylor and Murphy, 2007; Taylor and Murphy, 2008; Haavik et al., 2016). Changes in peripheral proprioception and muscle activations have also been reported (Gong, 2013; Kingett et al., 2019). Some researchers have posited that these changes are driven by an afferent barrage of peripheral somatosensory information affecting central integrative processing methods (Taylor and Murphy, 2008; Savva et al., 2014).

While there is mounting evidence for a central, neurologically active component of spinal manipulation, it is unclear if these effects are also present during the manipulation of joints of the extremities. Studies by Malaya et al. (2020), Malaya et al. (2021) have found task-based and postural changes from manipulation of the upper and lower extremities. The nature of these changes is not easily explainable as joint-localized phenomena—despite joint-specific application—and has been suggested to be centrally mediated, similar to the effects of spinal manipulation (Malaya et al., 2021). However, the relative contributions of central and peripheral mechanisms to the effects of extremity manipulation are still unknown.

Standing on a toes-up inclined surface has been seen to facilitate the development of a lasting somatosensory illusion; specifically, after stepping onto flat ground and closing their eyes, many individuals will adopt a forward lean proportional to the degree of incline experienced during the development of the illusion (Kluzik et al., 2005). This after-effect occurs regardless of the degree of incline, the direction of incline (anterior, posterior, lateral), static standing or stepping on an incline, and will still be seen in the forward lean of the trunk and head when the individual’s legs are blocked from movement (Kluzik et al., 2007a). Both the trunk and head lean seen with leg blocking in the post-incline period, as well as several EMG studies performed by Kluzik et al. (2007b) confirm that the lean adaptation seen in the post-incline period is not explainable by tonic peripheral musculature contraction; rather, the leaning appears to be a central postural adaptation that orients relative to the surface (Kluzik et al., 2007a; Young and Layne, 2020; Young et al., 2020).

This pilot study aimed to explore the influence of lower extremity manipulation on the postural after-effects of standing on an inclined surface. Previous studies support the idea that these after-effects (e.g., illusionary misperceptions) are of central nervous system origin (Kluzik et al., 2005, a, b; Wright, 2011). If manipulation of the extremity joints can modulate or influence a centrally mediated illusion, it is possible that joint manipulation also exerts an influence on the central nervous system. Understanding the mechanisms behind extremity-based joint manipulation and its potential effects on postural control could have broad implications for rehabilitation in clinical populations in which postural instability and falls are a health risk.



MATERIALS AND METHODS


Participants

This study recruited a sample of eight healthy individuals (25% female) between the ages of 18 and 35 (28.0 ± 4.1 years) over a 3-week period prior to study date (see Table 1). Participants had no documented surgeries, neuromusculoskeletal injuries, or systemic diseases that could affect their ability to stand on an incline for 3 min with their eyes closed. Participants were not knowingly pregnant and weighed less than the force plate operating limit of 440 lbs. Written informed consent was obtained from each participant prior to the start of experimental procedures. Approval to conduct this study was granted by the Institutional Review Board at Parker University (A-00222), in accordance with the Declaration of Helsinki. No participants were lost to follow-up and all collected data were used in the analysis. There were no adverse events or unintended effects during the course of the study.

TABLE 1. Participant details.
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Registered at ClinicalTrials.gov, NCT Number: NCT05226715.



Study design

This study was an open-label, controlled, crossover clinical pilot. Participants were randomized into two different groups using block randomization via a randomized number generator by the treating practitioner. All other study coordinators were blinded to the intervention each participant received. Participants were asked to stand on a force plate with eyes closed for 3 min so that baseline center of pressure (CoP) could be obtained. Immediately following baseline CoP measurement Group 1 received a bilateral, lower-extremity manipulation series (described below) in the supine position (intervention) on the first day, and, after a 24-h washout period, they underwent all procedures leading up to the intervention, without the manipulation series itself taking place (control condition). Group 2 performed the control condition on the first day, and the intervention condition on the second day after the same 24-h washout period. The washout period was chosen in line with previous work by Malaya et al. (2020, 2021; see Figure 1).
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FIGURE 1. Consort diagram.



CoP was assessed on a force plate after the development of the incline illusion and immediately after receiving either the intervention or control condition for all participants. All testing took place over two consecutive days at Parker University.

The lower-extremity manipulation series consisted of a single high velocity, low amplitude manipulation bilaterally to the coxofemoral, tibiofemoral, and talotibial joints from proximal to distal in the supine position (as detailed in Malaya et al., 2020, 2021). Coxofemoral manipulation was performed in a long-lever superior to inferior thrust with bilateral web contacts on the distal thigh. Tibiofemoral manipulation was a long axis-distraction performed with an index contact on the distal tibia above the malleoli with a 5–10 degree knee angle. Talotibial manipulation was performed using a bilateral medial hand contact with thrust in the superior-to-inferior, posterior-to-anterior direction. All manipulations were performed bilaterally for each participant and by an experienced licensed chiropractor with expertise in extremity manipulation. The control condition required participants to lay supine on a chiropractic bench for 30 s without manipulation (see Figure 2). No adverse events were reported.


[image: image]

FIGURE 2. Study design.





Development of the incline illusion

Participants were asked to stand on a 15° inclined, toes-up ankle stretching board for 3 min with their eyes closed. Previous work on this topic has established that eyes-closed standing on an incline board for 2.5 min can facilitate the development of an illusory leaning after-effect during subsequent standing on flat ground with closed eyes (Kluzik et al., 2005, 2007b).



Illusion response testing

Immediately after receiving the control or intervention (within 10 s), participants were asked to step off of the incline board and stand on a force plate for an additional 3 min. Participants were instructed to stand quietly, with their arms at their sides and eyes closed, and not to resist any tendency to lean in accordance with previous studies by Kluzik et al. (2005) which told participants to “not pay attention to your posture.”



Data collection

Anterior to posterior CoP data were captured at 50 Hz with a BTracksTM (Balance Tracking Systems) force plate using the Explore Balance software application (Balance Tracking Systems, version 2.0.4). All CoP data were low-pass filtered at 0.1 Hz with a 2nd order Butterworth filter to isolate slow postural changes and eliminate any fast fluctuations from stabilizing corrections (Gurfinkel et al., 1995; Fransson et al., 2002; Kluzik et al., 2005). Data were down-sampled in MATLAB using the resample function to achieve a total of 150 points, each representing a 1.2 s step in time (see Guthrie and Buchwald, 1991). CoP time series data from the control and intervention conditions were then compared directly using the statistical methods detailed below. CoP data were also used to calculate pathlength, mean velocity, and the root mean square of the lean behavior. In this study, pathlength is the cumulative distance traveled by each participant’s CoP on the force plate (Paillard and Noé, 2015). RMS is a measure of the magnitude of movement that each participant’s CoP varies with respect to the mean location (Paillard and Noé, 2015). All measures were calculated with a custom MATLAB script (MATLAB R2018b:9.5.0.944444).



Data analysis


Power analysis

A post hoc power analysis using G*Power (v.3.1) for a sample size of eight participants yielded an effect size of 1.47 with a power of 0.94 at an α of 0.05.




Primary outcome

Differences between the control and intervention CoP time series were evaluated by creating a new series comprised of two-tailed t-tests for each time point shared between conditions (see Figure 3). Autocorrelation values of 0.915 were found for the data according to the methods outlined in Guthrie and Buchwald (1991). In line with previous studies utilizing this analysis, when the value of the t-series exceeded our set significance of 0.05 for at least 12 subsequent points (given a series of 150 points with autocorrelation of 0.915), the difference was considered significant (Guthrie and Buchwald, 1991; Urakawa et al., 2017, 2018). This analysis was conducted using a custom MATLAB script (MATLAB R2018b:9.5.0.944444).
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FIGURE 3. Cross sectional significance plot.





Secondary outcomes

Paired t-tests were used to compare pathlength, mean velocity, and RMS between the control and intervention conditions for significant time periods. Statistical significance was set at 0.05 and a Bonferroni correction for six pairwise comparisons was applied to account for any error from multiple comparisons (p < 0.05/6 = 0.0083). All calculations denote measures in the anteroposterior direction. All analyses were conducted using MATLAB (MATLAB R2018b:9.5.0.944444).




RESULTS

Overall, five separate time periods on the force plate contained values below our significance threshold of 0.05 (Figure 3). Of these original five, only two time periods had 12 or more continuous points below the significance level and could be considered statistically significant (Table 2). Pathlength, mean velocity, and RMS were calculated for the significant time periods and compared across conditions using Bonferroni corrected paired t-tests (Table 3).

TABLE 2. Significance and center of pressure (CoP) comparisons of time periods on force plate.
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TABLE 3. Paired t-tests for pathlength, mean velocity, and RMS of significant time periods.
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A comparison of mean CoP position waveforms suggests that both groups initially exhibited an anterior sway compared to initial CoP positioning due to the incline illusion (see Figure 4). The control group displayed a slow posterior drift towards the initial CoP position after about 30 s from the initial recording, increasing in magnitude at 60 s and moving posteriorly beyond the initial position at about 120 s (see Figure 4). The intervention group displayed posterior motion earlier than the control group, after about 15 s from the initial recording, and exhibited a larger magnitude posterior shift comparatively. This group moved posteriorly beyond the initial position after about 30 s and remained almost 2 cm posterior for the remaining 2.5 min of the trial.
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FIGURE 4. This figure details the mean waveforms of both the control (blue) and the intervention (orange) conditions for the center of pressure (CoP) position with two standard deviation range highlighted for each (shaded blue and shaded orange, respectively). Zero indicates the initial position. Negative values denote a CoP position posterior to initial position and positive values indicate a CoP position anterior to the initial position.





DISCUSSION

This study investigated the influence of joint manipulation of the lower-extremities on the development and presence of a centrally mediated, somatosensory-based incline illusion. Bilateral manipulation of the coxofemoral, tibiofemoral, and talotibial joints appears to alter CoP position during an incline illusion compared to a control condition. These differences in CoP (based on CoP time series data) appeared at two intervals in the middle (70–86 s) and late-stage (141–178 s) of a 3-min illusion de-adaptation period. Further, participants in the manipulation group moved less overall (as measured by pathlength) during the final period. They also exhibited lower amplitude movements during the final period, though this was not significant after a correction for multiple comparisons.

Previous research has found changes in movement times (Smith et al., 2006), joint position sense (Haavik and Murphy, 2011), and range of motion (Silva et al., 2019) after spinal manipulation. Despite the local application of stimulus in spinal manipulation (i.e., the spine), larger behavioral and neurophysiological effects have been seen. This has led to postulations that these non-local changes are driven by downstream cortical stimulation, rather than spinal or local influences (Haavik et al., 2016). Studies by Malaya et al. (2020), Malaya et al. (2021) have found similarly non-local effects of upper and lower-extremity manipulation across a variety of tasks; in particular, upper and lower-extremity manipulation appears to influence postural sway, dynamic and standing stability, as well as the overall rhythmicity of movements across both upper and lower-extremity tasking.

This study found that manipulation of the lower-extremities influenced both CoP position and overall movement distance during a centrally mediated somatosensory illusion. Sensory processing mechanisms are thought to be stored as global kinematic coordinates within the dorsospino cerebellar tract with reference specifically to whole-limb coordination as opposed to joint specific references (Bosco and Poppele, 2001). This is the hypothesized mechanism by Kluzik et al. (2007b) for the observed trunk and head lean while the legs were blocked in their post-incline illusion. An afferent barrage of somatosensory information via Ia afferents could explain how extremity manipulation alters centrally adapted postural control (Taylor and Murphy, 2008).

Previous studies by Pickar (2002) and Pickar and Bolton (2012) have suggested that spinal and extremity joint manipulations influence perceptual attenuation of joint position sense, leading to greater afferentation from peripheral receptors. The findings of this study support this line of thinking in that alterations in CoP during a centrally-mediated illusion were moderated by peripherally-based joint manipulations. It is possible these effects could point towards alterations in whole-limb reference frames in global kinematic coordinates within the dorsospino cerebellar tract; however, that is beyond the scope of this study. This study contributes to the growing evidence that manipulation of the extremities drives non-local changes in behavior and furthers this concept by suggesting these changes may be driven by alterations in central postural adaptations.

This study furthers our understanding of the influence of extremity manipulation on postural behaviors; however, several important questions remain unanswered. The time course of these postural changes is still unknown. While this study suggests the influence of extremity manipulation can extend to at least 2.5 min, concerted work is needed to fully understand the temporal extent of manipulative interventions. Further, the ability of extremity manipulation to influence CoP position implicates it as a potential therapy for clinical populations in which CoP instability and falls are a major health risk, such as the elderly (Daley and Spinks, 2000; Thomas et al., 2019).

There are several limitations to this study that impact the interpretation of these results. First, given the large standard deviations across CoP measures (and previous work utilizing incline illusions, see Kluzik et al., 2007a), it is likely that the participants of this study could be separated into “responders” and “non-responders” to the incline illusion, and quite possibly, to manipulation in general. To be more specific, it is possible that some participants were influenced by the incline illusion, and some were not. Similarly, some participants may have been influenced by manipulation, and some may not have been. However, this study was only interested in eliciting the presence or absence of a group effect, rather than individual variations to response; future work has been planned to specifically investigate this. This pilot study also has a small sample size. While the significant findings above suggest that the effects of lower-extremity manipulation are robust enough to elicit a significant group effect, a reproduction of this study should recruit more participants and examine individual responses and variation, in addition to group effects. Our authors decided against physical touching or sham manipulation in order to minimize any additional changes to peripheral muscle spindles outside of the development of the incline illusion. No consensus has been made on the gold-standard control or “sham” manipulation in the relevant literature. Future studies may address the effect of physically touching the hip/knee/foot as a sham/control manipulation. That being said, as several functional imaging studies have established central mechanisms for postural control (Duclos et al., 2007; Wright, 2011), the present authors felt that establishing extremity-manipulation’s effect on an established centrally-mediated postural illusion was an acceptable starting place for further research into this area. Future studies should explore the use of EEG during the development of the incline illusion and post-incline postural adaptation to gain a better understanding of the specific effect manipulation has on centrally-mediated postural adaptations as well as other central processing mechanisms.



CONCLUSION

Participants in this study were adapted to a centrally mediated somatosensory illusion. After receiving bilateral lower-extremity manipulations, participants exhibited significantly different center of pressure positions and decreased pathlength as compared to controls. The results of this study show that extremity-manipulation alters a centrally-mediated postural illusion, and adds to the body of evidence suggesting that extremity-manipulation has central effects similar to that of spinal manipulation. Further, extremity manipulation may be a useful intervention in clinical populations where the center of pressure instability can lead to falls and injury.
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Motor imagery is increasingly being used in clinical settings, such as in neurorehabilitation and brain computer interface (BCI). In stroke, patients lose upper limb function and must re-learn bimanual coordination skills necessary for the activities of daily living. Physiotherapists integrate motor imagery with physical rehabilitation to accelerate recovery. In BCIs, users are often asked to imagine a movement, often with sparse instructions. The EEG pattern that coincides with this cognitive task is captured, then used to execute an external command, such as operating a neuroprosthetic device. As such, BCIs are dependent on the efficient and reliable interpretation of motor imagery. While motor imagery improves patient outcome and informs BCI research, the cognitive and neurophysiological mechanisms which underlie it are not clear. Certain types of motor imagery techniques are more effective than others. For instance, focusing on kinesthetic cues and adopting a first-person perspective are more effective than focusing on visual cues and adopting a third-person perspective. As motor imagery becomes more dominant in neurorehabilitation and BCIs, it is important to elucidate what makes these techniques effective. The purpose of this review is to examine the research to date that focuses on both motor imagery and bimanual coordination. An assessment of current research on these two themes may serve as a useful platform for scientists and clinicians seeking to use motor imagery to help improve bimanual coordination, either through augmenting physical therapy or developing more effective BCIs.
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Introduction

The rationale for this brief review was borne out of two observations: (1) brain computer interface (BCI) applications depend largely on motor imagery (Wolpaw and Wolpaw, 2012; McFarland and Wolpaw, 2018) (2) patient outcome can be improved when physical therapy is augmented with motor imagery (Mulder, 2007; Deutsch et al., 2012). Motor imagery is defined as the mental simulation of a movement in the absence of any overt movement (Decety, 1996; Jeannerod, 1999; Neuper et al., 2005). While the benefits of motor imagery have been recognized by athletes for decades, its advantages in clinical and rehabilitative settings, as well as its integration with BCI, is much more recent (Warner and McNeill, 1988; de Vries and Mulder, 2007). In BCI, individuals learn to control an external device, such as a neuroprosthetic device or more commonly, a computer cursor, by regulating their brain activity. Early demonstrations of this type of control were observed when individuals modulated their mu rhythm in the sensorimotor cortex (Wolpaw et al., 1991; McFarland et al., 2000; Neuper et al., 2009). More recent studies have demonstrated that BCI control is not limited to the mu rhythm, comprised of alpha and beta frequencies, but also occurs in several other ranges, including delta, theta, (Babiloni et al., 2017) and gamma rhythms (Babiloni et al., 2016). When a user learns to replicate this pattern, and conversely, the BCI accurately extracts and classifies the signature wave properties, then the individual acquires BCI control (McFarland and Wolpaw, 2018). This phenomenon requires multiple practice sessions to develop and is not present in all users (Vidaurre and Blankertz, 2010; Lotte and Jeunet, 2015; Thompson, 2019). It is important to acknowledge that movement execution and observation, which are closely related to motor imagery, have a complex underpinning. The neural dynamics that underlie movement execution and action observation overlap, and while they are highly relevant, they are beyond the scope of this brief review.

The majority of research in BCI has grown out of the machine learning perspective, i.e., developing computational algorithms that reliably interpret EEG signals (Aricò et al., 2018; McFarland and Wolpaw, 2018), while much less research has been dedicated to the nature of the user’s cognitive state. Further, stroke, and other neurodegenerative diseases such as multiple sclerosis, typically result in the loss of bimanual coordination. Many of the activities of daily living depend on successful bimanual coordination, such as buttoning a shirt or opening a tube of toothpaste. Therefore, a greater understanding of the use of motor imagery in bimanual coordination skills may help accelerate patient recovery and inform future research. The aim of this review is to bring together two themes, motor imagery and bimanual coordination, that are not often considered together, and to examine them in the context of their capacity to enhance neurorehabilitation and BCI development.



Review criteria

This review was conducted using two scientific databases, PubMed and Scopus, with the keywords, motor imagery AND bimanual coordination. We adopted ‘motor imagery’ in favor or ‘mental imagery’ because the former is specific to movement and motor skills (Collet and Guillot, 2010), whereas the latter is a broader term that includes general cognitive tasks and does not necessarily require any movement. For example, mental rotation of a three-dimensional object, memory retrieval, and mental arithmetic would not be categorized as motor imagery. Bimanual coordination includes a diverse range of skills which depend upon simultaneous use of the left and right hands (Ivry et al., 2004; Swinnen and Wenderoth, 2004). The PubMed database retrieved 11 results and Scopus retrieved 17. All of PubMed’s results were duplicates of Scopus. Studies that focused on gait abnormalities in diseased populations (Vercruysse et al., 2012) or included TMS (Levin et al., 2004; Wang et al., 2015, 2016) were excluded.



Movement topology

Bimanual coordination tasks range in complexity from those as simple as clapping, which an infant performs almost reflexively, to others that require a lifetime of practice, such as a concert pianist performing a difficult sonata. In the 16 research articles, the types of bimanual movements tested ranged from simple, laboratory tasks, such as bimanual sequence learning (Debarnot et al., 2012) and finger-thumb opposition task (Nair et al., 2003) to those high in ecological validity, such as tying shoelaces, buttoning a shirt (Szameitat et al., 2012) or mimicking piano playing (Riquelme-Ros et al., 2020). The simultaneous circle and line drawing task was used across a large range of ages and developmental stages (Piedimonte et al., 2014) in autistic spectrum conditions (Piedimonte et al., 2018) and in stroke patients (Morioka et al., 2019). The simultaneous circle-line drawing task is used as a method for investigating the bimanual coupling effect (Franz et al., 1991). That is, when a person attempts to draw a circle with one hand and a line with the other, the line starts to resemble a circle. The extent to which the linear trajectory takes the shape of a circle can be quantified using the ‘ovalization index’ (OI) (Garbarini et al., 2012; Piedimonte et al., 2014). This OI is thereby a quantitative measure of the degree of neural cross-talk. In other words, as the line being drawn with one hand, starts to resemble the circle being drawn by the other (or vice cersa), interference across the two hemispheres can be inferred (Franz et al., 1991; Garbarini et al., 2012; Piedimonte et al., 2014). This model was used in healthy (Piedimonte et al., 2014), autistic (Piedimonte et al., 2018), and stroke patients (Morioka et al., 2019). Morioka et al. (2019) noted that use-dependent plasticity is an important factor to consider in stroke patients. When movement execution becomes difficult or impossible due to a brain lesion, usually a contralateral one, the patient may stop even thinking about the movement. This type of motor neglect could contribute to a decline in motor representation. By asking patients to draw a line or circle with a paralyzed limb, some degree of motor planning was occurring. Therefore, even if movement execution was not observed, the motor representation was presumably being reactivated (Morioka et al., 2019). In their study, King et al. (2022) used a desktop pedal exerciser designed for the hands. They noted that bilateral arm training for the use of motor imagery in BCI is receiving increased attention because unlike unimanual motion, it enables (a) motor cortex disinhibition of the injured hemisphere, (b) enhanced paths from the contralesional region to recruitment, and (c) upregulation of descending motor neuron commands to propriospinal neurons (Whitall et al., 2011; Lee et al., 2016).

It is important to consider seminal research on bimanual coordination constraints. Haken et al. (1985) compared left and right hand movements to a coupled non-linear oscillator. In so doing, they developed what came to be known as the HKB model, which could make robust predictions concerning a range of bimanual coordination patterns (for full review, see Kelso, 2021). One of the implications of this model was that it brought to light the importance of movement topology (McGinnis and Newell, 1982; Schmidt and Lee, 2018). Briefly, when the left and right hands move in a symmetric or mirror-like pattern along the midline, they are easier to perform than when they are required to move in the same direction, i.e., in a parallel, asymmetric pattern (Swinnen, 2002). Further, the model accurately predicted that if individuals were asked to perform the less favorable, asymmetric movements at faster and faster rates, then bimanual coordination would be compromised; movements would start to transition to the intrinsically favorable mirror symmetric patterns (Swinnen and Wenderoth, 2004). Notably, bimanual coordination movements that were reliably predicted using discrete bimanual skills, such as finger tapping, could not be uniformly applied to those that required continuous bimanual skills, such as dial rotation (Sisti et al., 2011). For instance, in finger-tapping, some combinations can be learned at a faster rate others (Summers, 2002); integer ratios, where two taps of the hand occur for every one tap of the other (2:1) are easier to learn compared with non-integer ratios, three taps of one hand for every two taps of the other hand (3:2). However, when subjects are asked to perform a similar combination but with a continuous motor skill instead of a discrete one, this difference disappears and the relative velocity between the two hands becomes the predictive parameter (Sisti et al., 2011). When shifting from behavioral and musculoskeletal perspectives to one that is neurophysiological, the importance of movement topology is especially clear. That is, movement direction is uniquely encoded by neuronal populations (Georgopoulos et al., 1986). Therefore, there is both behavioral and neuronal evidence for the importance of considering movement topology in the context of developing BCI systems and neurorehabilitation strategies that enhance bimanual coordination.



Motor imagery and Bernstein’s degree of freedom problem

Dahm and Rieger (2016a) point out that a variety of motor coordination constraints, such as Fitts’ Law, are also present in motor imagery (Fitts, 1954; Cerritelli et al., 2011; Dahm and Rieger, 2016a). They included three motor imagery conditions of a bimanual coordination task in order to determine the extent of cognitive constraints (Dahm and Rieger, 2016a). The study built on accumulating evidence for the role of cognitive and perceptual constraints in bimanual coordination (Mechsner et al., 2001). Briefly, participants learned target reaching tasks in which congruent and incongruent targets (X to O, vs. O to O) were included and required both symmetric and parallel movements to perform successfully. Both real and imagined movements were timed, and the three experimental conditions included were based on the phase of movement, i.e., initiation, termination, and the entire duration of the movement (Dahm and Rieger, 2016a). Participants engaged in kinesthetic imagery. Ease of imagery, vividness of imagery and concentration were all assessed using a Likert scale. It was noted that task-dependent processes occur in which several types of motor imagery may be differentially engaged. For instance, while drawing is a unimanual motor task, it relies heavily on visual cues, however, movements such as rowing or reaching may be more dependent on kinesthetic cues (Dahm and Rieger, 2016a). Further, components of the movement, such as initiation and termination, are important considerations. In another study, they examined whether bimanual coordination constraints are present in motor imagery (Dahm and Rieger, 2016b). They used three tasks to compare different versions of the mental chronometry paradigm, in which the time it takes to complete a motor imagery task is measured. The key finding was that bimanual coordination constraints were also present in motor imagery, i.e., imagined symmetric movements resulted in shorter inter-response intervals and greater accuracy than parallel movements (Dahm and Rieger, 2016b).

Szameitat et al. (2012) also included a kinesthetic first person perspective. Further, they instructed participants to “engage intensely” and with “high frequency” for the duration of a set time trial. Self-reported assessment of how vividly participants could imagine the movement was completed using a 7-point Likert scale. Szameitat et al. (2012) captured potential movement during imagery by having participants hold a force sensitive grip in each hand. Interestingly, the only condition that detected a significant increase from baseline was the most difficult one, i.e., imagination of a complex movement using the non-dominant hand.

The Russian neurophysiologist, Nikolai Bernstein (1967) first described what would come to be known as the degrees of freedom problem (1967). That is, redundant solutions exist for any given motor skill. When Bernstein’s degrees of freedom problem is considered in the context of motor imagery, redundant solutions multiply. In addition, there is the obvious issue that while behavior is directly observable, cognition is only indirectly observed. This highlights the need for specifying type of motor imagery, explicit a priori instructions as well as qualitative and quantitative post hoc assessments. The majority of papers reviewed included the favorable kinesthetic, first-person perspective, which emphasizes internal, proprioceptive sensations (see Table 1).


TABLE 1    A subset of articles from the literature review that focused on neurologically health adults.
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Brain mapping approaches: Region of interest and functional connectivity

The first demonstration of the neuroanatomical correlates of imagined bimanual coordination skills was reported by Szameitat et al. (2012). Their prediction, and substantiation, that the neural activity of a specific cortical region of interest would not be selectively increased, rather connectivity would change, was built on the previous research of Puttemans et al. (2005). They reported that when skills are learned to the point that they become automatic, they are said to be overlearned, and in this case the neuroanatomical correlates are subcortical, and not cortical. In the early stages when attentional resources and cognitive demands are high, cortical regions are engaged; however during later stages of learning, cortical activation dissipates and subcortical activations become dominant (Puttemans et al., 2005). Szameitat et al. (2012) found changes in functional found changes in functional connectivity between parietal and premotor areas within and between hemispheres. This was in contrast to the lack of effect of any change in neural activation of a specific cortical region. This distinction is noteworthy because EEG captures cortical changes, while activity changes in subcortical structures depend on how well the “source localization” problem is addressed.

Coordinating the left and right hands depends on the primary and premotor cortices (M1 and PMC) and supplementary motor area (SMA) in the cortex, the cerebellum, and subcortically, the cingulate motor area and basal ganglia (Swinnen and Wenderoth, 2004; Jantzen et al., 2008; Rueda-Delgado et al., 2014). These areas are also active in unimanual movements (Cabibel et al., 2020). As task demands increase, the network extends beyond these regions to encompass prefrontal, parietal, and temporal areas (Swinnen and Wenderoth, 2004; Rueda-Delgado et al., 2014). While contralateral motor control has long been established, recent studies have highlighted the important contributions of ipsilateral motor control as well (Bundy and Leuthardt, 2019). Several studies have shown that the sensorimotor areas of the ipsilateral hemisphere are also activated (Bundy and Leuthardt, 2019), though its role is not yet clear. Some sustain that the ipsilateral activation contributes to the planning and execution of contralateral limb movements as the kinematic and movement parameters of the contralateral limb can be decoded from signals recorded in the ipsilateral hemisphere in monkeys (Ames and Churchland, 2019) and in humans (Bundy et al., 2018). Furthermore, the two hemispheres seem to have different roles in terms of praxis, independently from handedness. In fact, lesions of the left hemisphere lead to apraxia, i.e., the impairments in the production of complex movement in the absence of muscle deficits, much more often than right hemisphere damages (Haaland, 2006). Notably, a study showed that the ipsilateral cortical representation of reaching arm movements strikingly differs between the left and right hemispheres (Merrick et al., 2022). Finally, Mancini and Mirabella (2021) found left dominance in reactive inhibitory control. Inhibitory control is a pillar of motor control (Mirabella, 2014), and very likely, implementing inhibitory control in BCI could greatly help in restoring naturalistic behaviors (Mirabella and Lebedev, 2017).



Conclusion

-Developing effective BCI systems and neurorehabilitation strategies may depend on careful consideration of the type of bimanual movements individuals are being asked to learn.

-Skills that have been learned so well that they become automatic rely more heavily on subcortical structures and less so on cortical structures. EEG captures only surface cortical changes, and not subcortical ones. Although activity from deeper brain structures may be inferred as the “source localization” problem is resolved, EEG does not have the spatial resolution of fMRI. Therefore, movement topology and learning factors must be considered. For instance, the inclusion of more complex bimanual patterns may reveal cortical activation patterns that are distinct from simpler bimanual coordination patterns that require little training to learn.

-Assessing the vividness of a person’s motor imagery skills using both qualitative and quantitative measures, such as R-VMIQ and mental chronometry, may account for unexplained variance, thereby leading to more effective classifiers in BCI and better MI intervention strategies in clinical settings.
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Under certain conditions, a tactile stimulus to the head induces the movement of the head away from the stimulus, and this is thought to be caused by a defense mechanism. In this study, we tested our hypothesis that predicting the stimulus site of the head in a quiet stance activates the defense mechanism, causing a body to sway to keep the head away from the stimulus. Fourteen healthy male participants aged 31.2 ± 6.8 years participated in this study. A visual cue predicting the forthcoming stimulus site (forehead, left side of the head, right side of the head, or back of the head) was given. Four seconds after this cue, an auditory or electrical tactile stimulus was given at the site predicted by the cue. The cue predicting the tactile stimulus site of the head did not induce a body sway. The cue predicting the auditory stimulus to the back of the head induced a forward body sway, and the cue predicting the stimulus to the forehead induced a backward body sway. The cue predicting the auditory stimulus to the left side of the head induced a rightward body sway, and the cue predicting the stimulus to the right side of the head induced a leftward body sway. These findings support our hypothesis that predicting the auditory stimulus site of the head induces a body sway in a quiet stance to keep the head away from the stimulus. The right gastrocnemius muscle contributes to the control of the body sway in the anterior–posterior axis related to this defense mechanism.

KEYWORDS
 defense mechanism, postural control, auditory stimulus, tactile stimulus, center of pressure, electromyography


Introduction

We frequently observed the head of the participants moving forward in a quiet stance when a coil, attached to a magnetic stimulator, was placed over the back of the head for transcranial magnetic stimulation (TMS). The participants could have predicted the forthcoming TMS when the coil was placed over the back of the head. Predicting the perturbation changed the motor response to the perturbation (Caudron et al., 2008; Jacobs et al., 2008; Matsuoka et al., 2020) and influenced the vestibular function when the participants were in the stance (Guerraz and Day, 2005). Previous findings are consistent with the hypothesis that postural control in a quiet stance is influenced by predicting the forthcoming stimulus. Based on this view, a forward sway of the body induced by placing the coil at the back of the head is likely due to predicting forthcoming TMS at this site. When TMS is given, the coil produces a clicking sound. The clicking sound of TMS elicits a large auditory-evoked potential, indicating that the clicking sound activates the auditory cognitive process (Nikouline et al., 1999; Tiitinen et al., 1999). Accordingly, the forward sway of the head induced by placing the TMS coil over the back of the head may be explained by a view that humans move the head forward due to the prediction of the clicking sound.

This event, the forward sway of the body induced by the prediction of the clicking sound over the back of the head, may be explained by a defense mechanism. Mammalians move their body to keep them away from physical offense (Graziano and Cooke, 2006). The startle response induced by a loud sound and the withdrawal reflex induced by the noxious tactile stimulus are typical examples of the defense response (Sherrington, 1910; Landis and Hunt, 1939; Pfeiffer, 1962; Koch, 1999; Yeomans et al., 2002; Graziano and Cooke, 2006; Davis et al., 2009; Jure, 2020). These defense responses have been thought to play a role in constructing safety margins around the body for keeping the body away from the noxious stimulus.

Mammalians, including humans, respond to the stimulus given within defensive peripersonal space (flight zone), defined as the space directly surrounding the body at a grasping distance (Rizzolatti et al., 1997; Vagnoni and Longo, 2019; Rabellino et al., 2020). The cortically mediated excitatory long-loop reflex was facilitated when the stimulated hand was within the defensive peripersonal space (Versace et al., 2019). The blink reflex was found to be facilitated when a stimulated hand (electrical stimulation to the median nerve at the wrist) was close to the face, called the hand–blink reflex in humans (Sambo et al., 2012; Biggio et al., 2019). Those findings indicate that the defense mechanism is activated particularly when the tactile stimulus is close to the head. When tactile stimulation (air puff) was given to the head, the monkeys moved their heads away from the stimulus (Cooke et al., 2003). This finding indicates that tactile stimulus to the head activates the defense mechanism to keep the body away from the stimulus. Postural control is sensitive to the motion of the audible environment (Stoffregen et al., 2009). There is auditory peripersonal space around the head in humans (Ladavas et al., 2001). Those findings indicate that the defense mechanism is likely activated not only by a tactile stimulus but also by an auditory stimulus. Based on this view, we hypothesized that predicting the stimulus site of the head induces a body sway to keep the head away from the stimulus mediated by the defense mechanism (Hypothesis 1). We tested this hypothesis by investigating the effect of predicting forthcoming auditory or tactile stimulus sites of the head-on-body sway in a quiet stance.

In a quiet stance, ankle muscles control the body's sway (Winter et al., 1998; Warnica et al., 2014). Accordingly, the body sway induced by predicting the stimulus site must be associated with a change in ankle muscle activity. More specifically, anterior–posterior body sway is mainly controlled by the ankles (Winter, 1993). Based on this finding, the ankle muscles likely respond to the prediction of the stimulus site particularly in the sagittal plane (forehead or back of the head), if the deviation of the body is mediated by the defense mechanism (Hypothesis 2). This hypothesis was also examined in the present study.

The amount of body sway also reflects the postural control in a quiet stance. A static sound cue was found to decrease the amount of body sway in stance (Gandemer et al., 2017). A rotating sound cue was found to decrease the amount of body sway in stance (Gandemer et al., 2014). Auditory stimulus reduced the amount of body sway in stance (Agaeva and Altman, 2005; Ross and Balasubramaniam, 2015; Ross et al., 2016). Predicting the sound stimulus may activate the mechanism that is the same as the mechanism underlying those previous findings. When humans maintained their stance on an elevated ground surface, the COP displacement decreased, indicating that postural threat decreases body sway in a quiet stance (Carpenter et al., 2001; Brown et al., 2006). These previous findings are explained by the view that emotional stress decreases the amount of body sway in a stance. Predicting the stimulus to the head likely induces emotional stress, and thus, may decrease the amount of the body sway. Based on those, we hypothesized that predicting the sound and/or tactile stimulus decreases the amount of body sway in a quiet stance (Hypothesis 3).



Methods


Participants

A total of 14 healthy male participants aged 31.2 ± 6.8 years participated in this study. There are gender differences in physical characteristics, motor performance (Hamill et al., 1977; Thomas and French, 1985), and postural control (Gribble et al., 2009). The inter-individual variability of measures representing postural control in female participants is greater than that in male participants (Kahraman et al., 2018). Based on those previous findings, to exclude the variability of postural responses caused by gender differences, and to minimize the inter-individual variability of postural control, only male participants were recruited. All the participants were right-footed according to the revised version of the Waterloo Footedness Questionnaire (Elias et al., 1998; Zverev, 2006). The participants did not have a history of orthopedic or neurological disorders. The experimental protocol was explained, and the participants gave their written informed consent to participate in this experiment. All the procedures were approved by the Ethics Committee of Osaka Prefecture University.



Apparatus

A gravicorder was used to measure the center of pressure (COP) (Static Sensograph, 1G06, NEC Sanei, Tokyo). A speaker producing sound with 45 dB of sound pressure was placed around the head for the trial block investigating the effect of the predicted auditory stimulus site of the head (auditory stimulus trial block). Electrical stimulus electrodes, providing an electrical tactile stimulus, were placed over the skin at the forehead (5 cm caudal to the nasion), inion, or the left or right mastoid in the tactile stimulus trial block. The loci of the nasion, inion, and mastoids were determined via palpation over the skin. The distance between the two electrodes placed at each site was 1 cm. A display showing pictures predicting the presence and site of the stimulus (S-12140, Takei kiki, Tokyo, Japan) was placed 1 m in front of the participants. The participants wore liquid crystal goggles (T.K.K.2275, Takei Kiki, Tokyo, Japan). The goggles were either opaque for visual occlusion or transparent to allow vision. Electrodes recording the electromyographic (EMG) activity in the left gastrocnemius medius (GM), right GM, left tibialis anterior (TA), and right TA muscles were placed over the belly of the muscles. The inter-electrode distance in each muscle was 2 cm. The EMG signals were amplified with a pass-band filter from 15 Hz to 1 kHz using amplifiers (MEG 5200, Nihon Kohden, Tokyo). Analog signals from the gravicorder and EMG amplifiers were digitized using an A/D converter (PowerLab/8SP and 2sp; ADInstruments, Colorado Spring, CO, USA) at a sampling rate of 2 kHz, and the digitized signals were stored in a personal computer.



Procedure

The participants maintained the stance with the feet together over the gravicorder. Before beginning each trial, the liquid crystal goggles were opaque so that their vision was occluded. An experimenter monitored the COP and initiated the trial when the COP was stable. The goggles became transparent in the time window between 0 and 2.2 s after the beginning of the trial (Figure 1A). The goggles were opaque after this time until the time at which the stimulus was given so that the influence of the visual information other than the visual cue was minimum. A picture depicting a bird's-eye view of the head was presented on the display in the time window between 2 and 2.2 s after the beginning of the trial. In this picture, an arrow predicting the stimulus site was given in the trials with the stimulation (Figure 1B). The bird's-eye view of the head was presented, but the arrow was not presented in the trials without the stimulation (N condition). The meaning of this arrow was explained to the participants before beginning the experiment. The goggles were again opaque after this moment until the end of the trial.
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FIGURE 1
 Experimental design. The time protocol in each trial is shown in (A). Visual cues indicating a bird's-eye view of the stimulus site are shown in (B). In (B), each abbreviation indicates the stimulus condition: L, L condition (cue predicting the stimulus to the left side of the head); R, R condition (cue predicting the stimulus to the right side of the head); F, F condition (cue predicting the stimulus to the forehead); and B, B condition (cue predicting the stimulus to the back of the head).


An auditory stimulus was given 4 s after the onset of the visual cue in the auditory stimulus trial block (Figure 1A). The auditory stimulus was given with a speaker placed at the site, where the arrow in the picture of the visual cue was predicted. The speaker was 5 cm away from the stimulus site of the head. An electrical tactile stimulus was given 4 s after the onset of the visual cue in the tactile stimulus trial block. In the tactile stimulus trial block, an electrical stimulus was given. The intensity of the stimulus was 1.5 times the intensity of the tactile perceptual threshold. The stimulus intensity increased from the subthreshold to the suprathreshold level in an increment of 0.47 V every 1 s, and the least intensity at which the participants perceived the stimulus was considered to be the stimulus intensity at the tactile perceptual threshold. The tactile stimulus trial block was conducted 20 min after the auditory stimulus trial block. The stimulus was given at one of the four sites (forehead [F], back of the head [B], or left [L] or right side of the head [R]). Each trial lasted 6 s. The stimulus at each site was given in 10 trials. No stimulus was given in the 10 trials of the N condition. Thus, 50 trials were conducted in each trial block. One of these five conditions was randomly assigned in each trial.



Data analysis

The COP in the medial–lateral axis was called COPx, and that in the anterior–posterior axis was called COPy. The mean COP position was calculated at each 1 s. The positive value of the COPx position indicates the rightward deviation of the COP, and that of the COPy position indicates the forward deviation of the COP. The mean and standard deviation of the COP were calculated at every 1 s (5–4, 4–3, 3–2, 2–1, and 1–0 s before the stimulus onset). The standard deviation of the COP represented the amount of the body sway at each 1 s. The EMG trace in each trial was rectified, and the amplitude of the rectified EMG trace was averaged at each 1 s.

A repeated-measures two-way ANOVA was conducted to test the main effects on all measures: time (five levels; 5–4, 4–3, 3–2, 2–1, and 1–0 s before the stimulus onset) and stimulation (five levels; N, F, B, L, and R conditions). The Greenhouse–Geisser correction was conducted on the results whenever Mauchly's test of sphericity was significant. If there was a significant interaction between the main effects, then a test of the simple main effect was conducted. If there was a significant main effect or simple main effect, then a multiple comparison test (Bonferroni's test) followed it. The alpha level was 0.05. Excel Toukei 2010 ver. 1.13 (Social Survey Research Information, Tokyo) was used for the statistical analysis. The data in the results were expressed as the mean and standard error of the mean. The data, normalized by subtracting the average value at 1–0 s before the onset of the visual cue (5–4 s before the stimulus) from the values averaged at every 1 s in the time window between 4 and 0 s before the stimulus, were used to depict the mean and error bars of the figures.




Results


COP position
 
Auditory stimulus trial block

The effect of predicting the auditory stimulus site on the COPx position is shown in Figure 2A. There was a significant interaction between the main effects [F(16,208) = 2.338, p = 0.003]. The test of the simple main effect revealed a significant effect of time in the L condition [F[4,260] = 8.172, p < 0.001]. The COPx position significantly deviated to the rightward direction at 3–0 s before the stimulus compared with the 5–4 s before the stimulus (1–0 s before the visual cue) in the L condition (p < 0.05). The COPx position significantly deviated to the rightward direction at 2–0 s before the stimulus compared with the 4–3 s before the stimulus in the L condition (p < 0.05). The COPx position significantly deviated to the rightward direction at 2–0 s before the stimulus compared with the 3–2 s before the stimulus in the L condition (p < 0.05). The test of the simple main effect revealed a significant effect of the stimulus at 2–1 s [F[4,260] = 3.271, p = 0.012] and at 1–0 s [F[4,260] = 6.553, p < 0.001] before the stimulus. As shown in Figures 2A,B, the COPx position was significantly deviated rightward in the L condition compared with the N condition at 2–0 s before the stimulus but deviated leftward compared with the N condition in the R condition at 1–0 s before the stimulus (p < 0.05). The COPx position significantly deviated rightward in the F condition compared with the N condition at 1–0 s before the stimulus (p < 0.05). The COPx position in the L condition for individual participants is shown in Figure 3.
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FIGURE 2
 Effect of predicting the auditory (A–D) and tactile stimulus site (E,F) on the COP position. Bars indicate the mean, and error bars indicate standard errors of the mean (A,C,E,F). The data are normalized by subtracting the average value at 1–0 s before the onset of the visual cue (5–4 s before the stimulus) from the values averaged at every 1 s in the time window between 4 and 0 s before the stimulus. Asterisks indicate significant differences in the COP position compared with the COP position at the time 5–4 s before the stimulus (1–0 s before the visual cue) in the same condition. Results of Bonferroni's test examining the difference between the stimulus conditions are shown in B and D. N, trials with the cue predicting non-stimulation; F, trials with the cue predicting the stimulus to the forehead; B, trials with the cue predicting the stimulus to the back of the head; L, trials with the cue predicting the stimulus to the left side of the head; R, trials with the cue predicting the stimulus to the right side of the head.
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FIGURE 3
 Individual data on the COPx position in auditory stimulus trial block. Each line indicates the COPx position in each participant. The data are normalized by subtracting the average value at 1–0 s before the onset of the visual cue (5–4 s before the stimulus) from the values averaged at every 1 s in the time window between 4 and 0 s before the stimulus.


The effect of predicting the auditory stimulus site on the COPy position is shown in Figure 2C. There was a significant interaction between the main effects [F(4.727,61.451) = 5.611, p < 0.001]. The test of the simple main effect revealed a significant effect of time in the B [F(4,260) = 4.522, p = 0.002], F [F(4,260) = 8.193, p < 0.001], and L conditions [F(4,260) = 2.711, p = 0.031]. The COPy position deviated backward at 2–0 s before the stimulus compared with that at 5–2 s before the stimulus and at 1–0 s before the stimulus compared with that at 2–1 s before the stimulus in the F condition (p < 0.05). The COPy position deviated forward at 2–0 s before the stimulus compared with that at 5–2 s before the stimulus in the B condition (p < 0.05). The COPy position deviated forward at 2–1 s before the stimulus compared with that at 5–2 s before the stimulus, and at 1–0 s before the stimulus compared with that at 5–3 s before the stimulus in the L condition (p < 0.05). The test of the simple main effect revealed a significant simple main effect of the stimulus at 2–1 s [F(4,260) = 4.264, p = 0.002] and at 1–0 s [F(4,260) = 8.043, p < 0.001] before the stimulus. As shown in Figure 2D, the COPy position in the F condition significantly deviated backward compared with the N condition 2–0 s before the stimulus (p < 0.05). The COPy position in the B condition significantly deviated forward compared with the N condition 2–0 s before the stimulus (p < 0.05).



Tactile stimulus trial block

The COPx position is shown in Figure 2E. There was neither a significant main effect of time [F(1.905,24.77) = 0.058, p = 0.937] nor stimulus [F[2.129,27.675] = 0.442, p = 0.660] without significant interaction between the main effects [F(16,208) = 1.409, p = 0.140]. The COPy position is shown in Figure 2F. There was neither a significant main effect of time [F(2.207,28.691) = 1.790, p = 0.182] nor stimulus [F(4,52) = 2.445, p = 0.058] without significant interaction between the main effects [F(3.404,44.250) = 1.652, p = 0.186].




COP displacement
 
Auditory stimulus trial block

The standard deviation of the COPx is shown in Figure 4A. There was no significant interaction between the time and stimulus [F(16,208) = 1.301, p = 0.199]. There was a significant effect of the stimulus [F(2.348,30.523) = 3.536, p = 0.035]. The standard deviation of the COPx in the R condition was significantly greater than that in the B condition (p < 0.05). There was a significant effect of the time [F(1.823,23.694) = 5.530, p = 0.012]. The standard deviation of the COPx at 4–3 s before the stimulus was significantly smaller than that at 3–0 s before the stimulus (p < 0.05).
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FIGURE 4
 Effect of predicting the auditory or tactile stimulus on the standard deviation of COP. Auditory stimulus trial blocks are in the left panels (A,C) and tactile stimulus trial blocks are in the right panels (B,D). The upper panels are COPx (A,B) and lower panels are COPy (C,D). Bars indicate the mean, and error bars indicate standard errors of the mean. The data are normalized by subtracting the average value at 1–0 s before the onset of the visual cue (5–4 s before the stimulus) from the values averaged at each 1 s in the time window between 4 and 0 s before the stimulus. N, trials with the cue predicting non-stimulation; F, trials with the cue predicting the stimulus to the forehead; B, trials with the cue predicting the stimulus to the back of the head; L, trials with the cue predicting the stimulus to the left side of the head; R, trials with the cue predicting the stimulus to the right side of the head. Effect of predicting the auditory or tactile stimulus on the standard deviation of COP. Auditory stimulus trial blocks are in the left panels (A,C) and tactile stimulus trial blocks are in the right panels (B,D). The upper panels are COPx (A,B) and lower panels are COPy (C,D). Bars indicate the mean, and error bars indicate standard errors of the mean. The data are normalized by subtracting the average value at 1–0 s before the onset of the visual cue (5–4 s before the stimulus) from the values averaged at each 1 s in the time window between 4 and 0 s before the stimulus. N, trials with the cue predicting non-stimulation; F, trials with the cue predicting the stimulus to the forehead; B, trials with the cue predicting the stimulus to the back of the head; L, trials with the cue predicting the stimulus to the left side of the head; R, trials with the cue predicting the stimulus to the right side of the head.


The standard deviation of the COPy is shown in Figure 4C. There was no significant interaction between the main effects [F(16,208) = 0.566, p = 0.907]. There was no significant effect of the stimulus [F(4,52) = 1.456, p = 0.229]. There was a significant main effect of time [F(2.049,26.634) = 11.515, p < 0.001]. The standard deviation of the COPx at 4–3 s before the stimulus was significantly smaller than that at the other times (p < 0.05).



Tactile stimulus trial block

The standard deviation of the COPx is shown in Figure 4B. There was no significant interaction between the time and stimulus [F(16,208) = 0.999, p = 0.459]. There was a significant main effect of time [F(1.856,24.133) = 4.215, p = 0.029]. The standard deviation of the COPx at 4–3 s before the stimulus was significantly smaller than that at 5–4 and 2–0 s before the stimulus (p < 0.05). There was no significant main effect of the stimulus [F(2.021,26.267) = 1.006, p = 0.380].

The standard deviation of the COPy is shown in Figure 4D. There was no significant interaction between the time and stimulus regarding the standard deviation [F(16,208) = 0.643, p = 0.847]. There was a significant main effect of time [F(2.156,28.032) = 7.237, p = 0.002]. The standard deviation of the COPx at 4–3 s before the stimulus was significantly smaller than that at 3–0 s before the stimulus (p < 0.05). There was no significant main effect of the stimulus [F(4,52) = 2.266, p = 0.075].




EMG
 
Muscles with a significant interaction between the main effects

The EMG amplitude of the left GM in the auditory stimulus trial block is shown in Figure 5A. There was a significant interaction between the main effects [F(16,208) = 1.847, p = 0.027]. The test of the simple main effect revealed a significant effect of time in the B condition [F(4,260) = 3.498, p = 0.008]. The EMG amplitude at 3–0 s before the stimulus was significantly greater than that at 5–3 s before the stimulus in the B condition (p < 0.001). The test of the simple main effect did not reveal a significant effect of the stimulus in each time window.
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FIGURE 5
 Effect of predicting the stimulus site on the EMG amplitude in the muscles in which a significant interaction between the main effects is revealed. The data are normalized by subtracting the average value at 1–0 s before the onset of the visual cue (5–4 s before the stimulus) from the values averaged at each 1 s in the time window between 4 and 0 s before the stimulus. Bars indicate the mean, and error bars indicate standard errors of the mean in the left panels (A,B,D). Asterisks indicate significant differences from mean amplitude at the time 5–4 s before the stimulus (1–0 s before the visual cue) in the same condition in the left panels (A,B,D). The results of Bonferroni test for the right GM amplitude in the auditory trial block are shown in panel (C) and those for the left TA in the tactile stimulus trial block are shown in panel (E). N, trials with the cue predicting non-stimulation; F, trials with the cue predicting the stimulus to the forehead; B, trials with the cue predicting the stimulus to the back of the head; L, trials with the cue predicting the stimulus to the left side of the head; R, trials with the cue predicting the stimulus to the right side of the head. EMG, electromyography.


The EMG amplitude of the right GM in the auditory stimulus trial block is shown in Figure 5B. There was a significant interaction between the main effects [F(16,208) = 1.827, p = 0.029]. The test of the simple main effect revealed a significant effect of time in the L condition [F(4,260) = 2.554, p = 0.039]. The EMG amplitude at 3–0 s before the stimulus was significantly greater than that at 5–3 s before the stimulus in the L condition (p < 0.05). The test of the simple main effect revealed a significant effect of the stimulus at 2–1 s [F(4,260) = 2.764, p = 0.028] and 1–0 s [F(4,260) = 2.731, p = 0.030] before the stimulus. As shown in Figure 5C, The EMG amplitude at 2–1 s before the stimulus in the B condition and that at 1–0 s before the stimulus in the L condition was greater than that in the N condition. The EMG amplitude at 2–0 s before the stimulus in the F condition was smaller than that in the N condition.

The EMG amplitude of the left TA in the tactile stimulus trial block is shown in Figure 5D. There was a significant interaction between the main effects [F(16,208) = 1.901, p = 0.022]. The test of the simple main effect revealed a significant effect of time in the B [F(4,260) = 3.405, p = 0.010], F [F(4,260) = 3.278, p = 0.012], L [F(4,260) = 5.854, p < 0.001], and R [F(4,260) = 9.402, p < 0.001] conditions. The EMG amplitude at 5–4 s before the stimulus was significantly smaller than that at the other times, and that at 4–2 s before the stimulus was significantly smaller than that at 2–0 s before the stimulus in the B condition (p < 0.05). The EMG amplitude at 5–3 s before the stimulus was significantly smaller than that at 3–0 s before the stimulus (1–0 s before the visual cue) in the F condition (p < 0.05). The EMG amplitude at 5–4 s before the stimulus (1–0 s before the visual cue) was significantly smaller than that at 4–0 s before the stimulus, and that at 4–3 s before the stimulus was smaller than 3–2 and 1–0 s before the stimulus in the L condition (p < 0.05). The EMG amplitude at 5–4 s before the stimulus (1–0 s before the visual cue) was significantly smaller than that at 3–0 s before the stimulus, and that at 4–2 s before the stimulus was significantly smaller than 2–0 s before the stimulus in the R condition (p < 0.05). The test of the simple main effect revealed a significant effect of the stimulus at 2–1 s [F(4,260) = 3.190, p = 0.014] and at 1–0 s [F(4,260) = 3.001, p = 0.019] before the stimulus. As shown in Figure 5E, the EMG amplitude in the B, L, and R conditions at 2–1 s before stimulation was significantly greater than that in the N condition and the EMG amplitude at 1–0 s before stimulation in the F, B, L, and R conditions was significantly greater than that in the N condition.



Muscles without significant interaction between the main effects

The EMG amplitude of the left TA in the auditory stimulus trial block is shown in Figure 6A. There was no significant interaction between the main effects [F(16,208) = 1.458, p = 0.118]. There was a significant main effect of time [F(1.528,19.861) = 5.689, p = 0.016]. The EMG amplitude at 5–4 s before the stimulus (1–0 s before the visual cue) was significantly smaller than that at 2–0 s before the stimulus. The EMG amplitude at 1–0 s before the stimulus was significantly greater than that at 4–3 s before the stimulus. There was no significant main effect of the stimulus [F(2.221,28.874) = 3.146, p = 0.053].
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FIGURE 6
 Effect of predicting the stimulus site on the EMG amplitude in which significant interaction between the main effects is not found. The left panels are the muscles in the left ankle (A,C) and the right panels are the muscles in the right ankle (B,D,E). Upmost panels are the muscles in the auditory stimulus trial block (A,B), and the other panels are the muscles in the tactile stimulus trial block (C–E). The data are normalized by subtracting the average value at 1–0 s before the onset of the visual cue (5–4 s before the stimulus) from the values averaged at each 1 s in the time window between 4 and 0 s before the stimulus. Bars indicate the mean, and error bars indicate standard errors of the mean. Asterisks indicate significant differences from mean amplitude at the time 5–4 s before the stimulus (1–0 s before the visual cue) in the same condition. N, trials with the cue predicting non-stimulation; F, trials with the cue predicting the stimulus to the forehead; B, trials with the cue predicting the stimulus to the back of the head; L, trials with the cue predicting the stimulus to the left side of the head; R, trials with the cue predicting the stimulus to the right side of the head. EMG, electromyography.


The EMG amplitude of the right TA in the auditory stimulus trial block is shown in Figure 6B. There was no significant interaction between the main effects [F(16,208) = 0.695, p = 0.798]. There was a significant main effect of time [F(1.402,18.226) = 5.384, p = 0.023]. The EMG amplitude at 5–4 s before the stimulus was significantly smaller than that at 2–0 s before the stimulus (p < 0.05). The EMG amplitude at 4–3 s before the stimulus was significantly smaller than that at 1–0 s before the stimulus (p < 0.05). There was no significant main effect of the stimulus [F(2.045,26.579) = 1.111, p = 0.345].

The EMG amplitude of the left GM in the tactile stimulus trial block is shown in Figure 6C. There was no significant interaction between the main effects [F(16,208) = 0.625, p = 0.861]. There was a significant main effect of time [F(4,52) = 4.109, p = 0.006]. The EMG amplitude at 4–3 s before the stimulus was significantly smaller than that at 2–0 s before the stimulus (p < 0.05). There was no significant main effect of the stimulus [F(4,52) = 1.447, p = 0.232].

The EMG amplitude of the right GM in the tactile stimulus trial block is shown in Figure 6D. There was no significant interaction between the main effects [F(16,208) = 1.026, p = 0.431]. There was neither a significant main effect of the stimulus [F(1.833,23.835) = 1.641, p = 0.216] nor of time [F(2.173,28.254) = 3.043, p = 0.060].

The EMG amplitude of the right TA in the tactile stimulus trial block is shown in Figure 6E. There was no significant interaction between the main effects [F(16,208) = 0.455, p = 0.965]. There was a significant main effect of time [F(1.685,21.907) = 9.170, p = 0.002]. The EMG amplitude at 5–4 s before the stimulus was significantly smaller than that at 2–0 s before the stimulus (p < 0.05). The EMG amplitude at 4–3 s before the stimulus was significantly smaller than that at 1–0 s before the stimulus (p < 0.05). There was no significant main effect of the stimulus [F(4,52) = 0.826, p = 0.515].





Discussion


Predicting auditory stimulus and body sway

There are defense mechanisms that keep the body away from the stimulus (Graziano and Cooke, 2006). The withdrawal reflex elicited by a noxious tactile stimulus and the startle response induced by the loud auditory stimulus are typical defense responses in humans (Sherrington, 1910; Landis and Hunt, 1939; Schouenborg et al., 1995; Clarke and Harris, 2004). Such defense mechanisms are activated even when tactile stimulation is given to the head; when tactile stimulation (air puff) was given to the head, monkeys moved their heads away from the stimulus (Cooke et al., 2003). Based on these findings, we hypothesized that the defense mechanisms may even be activated by predicting the forthcoming auditory stimulus site of the head in a quiet stance (Hypothesis 1). In this study, a visual cue predicting the auditory stimulus site induced a body sway in a direction contrary to the predicted stimulus site. This finding is in line with our Hypothesis 1 that predicting the auditory stimulus site of the head induces a body sway in the direction contrary to the predicted stimulus site to keep the head away from the stimulus and that this is mediated by the defense mechanism.

One alternative mechanism underlying the body sway induced by the prediction of the auditory stimulus site in a quiet stance is sound localization. The head was found to move to localize the sound direction (Wallach, 1939; Toyoda et al., 2011; Nojima et al., 2013; McAnally and Martin, 2014). Head movement reduced the front–back error of sound localization (Perrett and Noble, 1997; Iwaya et al., 2003). Based on these findings, one may speculate that the body sway induced by the prediction of the auditory stimulus site is partially explained by the head moving to improve sound localization. However, this view is unlikely to be true because keeping the head away from the auditory stimulus site does not seem to improve sound localization.



Asymmetrical body sway

One interesting finding regarding the effect of the prediction of the auditory stimulus on the body sway was that the body sway induced by the prediction of the auditory stimulus given to the left side of the head tended to be much greater than that induced by the prediction of the stimulus given to the right side of the head. Moreover, the COP position significantly deviated rightward by predicting the left head stimulus immediately before the stimulus compared with the COP position immediately before the visual cue, but a significant deviation of the COP position over time was absent when predicting the right head stimulus. Those findings may be explained by an approach-avoidance associative network; the left hemisphere is related to the approach-related thought and the right hemisphere is related to the avoidance-related thought (Fetterman et al., 2013). A monaural auditory stimulus in one ear was found to increase the regional cerebral blood flow in the primary auditory area contralateral to the auditory stimulus side (Hirano et al., 1997); the auditory-evoked magnetic field was larger in the auditory cortex contralateral to the auditory stimulus side (Pantev et al., 1986); and a monaural auditory stimulus predominantly activated the contralateral auditory centers (Scheffler et al., 1998; Schönwiesner et al., 2007). This means that auditory stimulus to the left ear causes greater auditory input to the right hemisphere. Accordingly, the different effects of the prediction of the left auditory stimulus and that of the right auditory stimulus may be explained by a view that the body sways to keep the head away from the auditory stimulus site when the individual predicts auditory stimulus to the left side of the head because avoidance-related thought is processed in the right hemisphere, which receives its auditory input from the left ear.



Predicting auditory stimulus-induced muscle activity

There was a significant simple main effect of the stimulus site on the EMG amplitude in the right GM. This means that the time course of the change in the right GM activity is dependent on the prediction of the stimulus site of the head. This predicted site-dependent activity of the right GM was present immediately before the stimulus; predicting that the stimulus to the back of the head significantly increased the activity of the right GM, and that to the forehead significantly decreased the activity of the right GM at 2–0 s before the stimulus. The time window of the predicted site-dependent change in the activity of the right GM was the same as the time window of the predicted site-dependent change in body sway (i.e., at 2–0 s before the stimulus). These findings indicate that the activity of the right GM is related to the body sway induced by the prediction of the auditory stimulus site.

The GM is activated eccentrically when the stance leg leans forward in the late stance phase of gait (Perry, 1992). This means that the GM in the stance leg contracts eccentrically when the lower leg leans forward. Accordingly, the increase in the activity of the right GM and forward body sway induced by predicting the auditory stimulus to the back of the head and the decrease in the activity of the right GM and backward body sway induced by the prediction of the forward head fits well with the kinesiological mechanism, that is, eccentric contraction of the ankle extensor (i.e., GM) to support the body against the forward body sway and vice versa. Thus, the right GM is likely to be a key muscle supporting the forward-leaned body induced by the prediction of the auditory stimulus to the back of the head.

On the one hand, the EMG amplitude in the right GM was significantly increased with the prediction of the auditory stimulus to the left head, and a similar increased tendency was induced by the prediction of the auditory stimulus to the right head. On the other hand, the EMG amplitude in the right GM was significantly increased by predicting the auditory stimulus to the back of the head but was significantly decreased by predicting the auditory stimulus to the forehead. That is, the direction of the change in the right GM activity was dependent on the predicted site of the stimulus in the sagittal plane. The ankle mainly contributes to the control of the anterior–posterior body sway in a quiet stance, although the hip mainly contributes to the control of the medial–lateral body sway (Winter, 1993). Accordingly, the different directions of the change in the right GM activity induced by the prediction of the stimulus to the forehead and that induced by that to the back of the head likely reflect ankle control of the anterior–posterior body sway in a quiet stance. Thus, Hypothesis 2 was supported for the prediction of the auditory stimulus.

In the present study, the effect of predicting the auditory or tactile stimulus on GM activity was asymmetrical. The change in the right GM activity was dependent on the predicted site of the auditory stimulus, but the left GM activity was not. All the participants were right-footed. Thus, the finding may be explained by the view that the prediction of the auditory stimulus site is associated with the activity in the ankle extensor of the dominant leg. Nevertheless, this view must be handled with caution, because this view is not in line with the previous findings on the contribution of the dominant and non-dominant leg to the control of the postural task. The contribution of the leg to the postural control has been found to not be different between the dominant and non-dominant leg sides (Paillard and No, 2020; Schorderet et al., 2021).



Predicting tactile stimulus

A visual cue predicting the tactile stimulation site did not induce a body sway in the quiet stance. This finding was inconsistent with the finding on the prediction of the auditory stimulus site. In addition, the present finding on the prediction of the tactile stimulation site was not in line with a finding that tactile stimulus to the head activated the defense mechanism (Cooke et al., 2003). One explanation for the absence of an effect of predicting tactile stimulation on body sway is that the defense mechanism is not activated by the prediction of tactile stimulus to the head in a quiet stance.

In the present study, the order of the trial block was constant across the participants; the auditory stimulus trial block was first and the tactile stimulus trial block was second. Thus, the tactile stimulus trial block was preceded by the repetitive auditory stimuli. Habituation of the response occurs after the repetitive stimuli (Webster, 1971; Dimitrijevi et al., 1972). Thus, one may speculate that habituation induced by the repetitive auditory stimulus occurred in the second trial block (tactile stimulus trial block), and this may be a reason that the prediction of the tactile stimulus was not effective on the postural sway in quiet stance. However, in our opinion, this view is unlikely, because the interval between the trial blocks (20 min) was long enough to eliminate habituation. Moreover, because the stimulus modality was different between the two trial blocks, habituation induced by the repetitive auditory stimulation preceding the tactile stimulus trial block is likely minor.

There was a significant interaction between the main effects on the EMG amplitude in the left TA. The EMG amplitude increased immediately before the stimulus when the participants predicted the tactile stimulus to the head no matter where the predicted stimulus site was. Even though the amount of the increase was significantly different between the stimulus sites, the direction of the change was the same across all the stimulus conditions. Thus, this increase is likely due to predicting the presence of the stimulus no matter where the stimulus is given. In the right TA, the activity level increased immediately before the stimulus (1 - 0 s before the stimulus) across all the stimulus conditions. This means that the activity level of the TA increases immediately before the stimulus no matter whether the stimulation is given or not. Taken together, the increase in the TA activity is not related to the defense mechanism, in which the direction of the change in the EMG activity must be dependent on the predicted stimulus site.



Amount of body sway

A static sound cue was found to decrease the amount of body sway in a stance (Gandemer et al., 2017). A rotating sound cue was also found to decrease the amount of body sway in a stance (Gandemer et al., 2014). Auditory stimulus reduced the amount of body sway in a stance (Agaeva and Altman, 2005; Ross and Balasubramaniam, 2015; Ross et al., 2016). When humans maintained their stance on an elevated ground surface, the COP displacement decreased, indicating that postural threat decreases body sway in a quiet stance (Carpenter et al., 2001; Brown et al., 2006). These previous findings are explained by the view that emotional stress decreases the amount of body sway in a stance. Predicting stimulus to the head likely induces emotional stress. This stress may raise the individual's alertness and influences the amount of body sway. According to these previous findings, we hypothesized that predicting the stimulus to the head decreases the amount of body sway (Hypothesis 3). However, this hypothesis was not supported; any significant change in the standard deviation of the COP was not revealed immediately before the stimulus.

The amount of the body sway (i.e., the SD of the COP) decreased immediately after the presentation of the visual cue (i.e., 4–3 s before the stimulus) compared with the time at 5–4 and/or 3–0 s before the stimulus. A visual cue was given at 4 s before the stimulus. Vision significantly contributes to head stabilization (Guitton et al., 1986). Thus, the finding is likely explained by the view that the freezing of the body to stabilize the head for viewing the visual cue lasted for 1 s immediately after the visual cue.




Limitations

The experiment was conducted only for male participants. Thus, we could not compare the gender difference in the present study. Further studies are needed on female participants. One may raise a question of why the effect of stimulus modality was not examined in the present study. To test the effect of the stimulus modality, a large sample size is required for three-way ANOVA. In the present study, the sample size was 14. Accordingly, the effect of the stimulus modality was not tested, because the sample size was not enough to conduct three-way ANOVA. These are the limitations of the present study.



Conclusion

A visual cue predicting an auditory stimulus to the back of the head induced a forward body sway, while the visual cue predicting an auditory stimulus to the forehead induced a backward body sway. The cue predicting the auditory stimulus to the left side of the head induced a rightward body sway, while the cue predicting the auditory stimulus to the right side of the head induced a leftward body sway. These findings support our hypothesis that predicting the auditory stimulus site of the head induces a body sway in the direction contrary to the predicted stimulus site to keep the head away from the stimulus, mediated by the defense mechanism. The right gastrocnemius muscle contributes to the control of the body sway in the anterior–posterior axis related to this defense mechanism.
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Objective: This study aimed to evaluate the effects of multiple virtual reality (VR) interaction modalities based on force-haptic feedback combined with visual or auditory feedback in different ways on cerebral cortical activation by functional near-infrared spectroscopy (fNIRS). Methods: A modular multi-sensory VR interaction system based on a planar upper-limb rehabilitation robot was developed. Twenty healthy participants completed active elbow flexion and extension training in four VR interaction patterns, including haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA). Cortical activation changes in the sensorimotor cortex (SMC), premotor cortex (PMC), and prefrontal cortex (PFC) were measured.

Results: Four interaction patterns all had significant activation effects on the motor and cognitive regions of the cerebral cortex (p < 0.05). Among them, in the HVA interaction mode, the cortical activation of each ROI was the strongest, followed by HV, HA, and H. The connectivity between channels of SMC and bilateral PFC, as well as the connectivity between channels in PMC, was the strongest under HVA and HV conditions. Besides, the two-way ANOVA of visual and auditory feedback showed that it was difficult for auditory feedback to have a strong impact on activation without visual feedback. In addition, under the condition of visual feedback, the effect of fusion auditory feedback on the activation degree was significantly higher than that of no auditory feedback.

Conclusions: The interaction mode of visual, auditory, and haptic multi-sensory integration is conducive to stronger cortical activation and cognitive control. Besides, there is an interaction effect between visual and auditory feedback, thus improving the cortical activation level. This research enriches the research on activation and connectivity of cognitive and motor cortex in the process of modular multi-sensory interaction training of rehabilitation robots. These conclusions provide a theoretical basis for the optimal design of the interaction mode of the rehabilitation robot and the possible scheme of clinical VR rehabilitation.
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rehabilitation robot, multi-sensory interactive, cognitive cortex, motor cortex, near-infrared spectroscopy


1. Introduction

In the past two decades, research and development of robot-assisted rehabilitation have accelerated dramatically as a promising rehabilitation therapy (Cao et al., 2020). It provides a standardized environment for more intensive and repetitive interventions, thereby reducing the stress and workload of therapists. The basic design principle of rehabilitation robots is to induce cerebral cortex activation by processing external stimuli (Kaplan, 1988). If feedback stimuli related to motor performance are synchronized with motor output, these not only enhance motivation but also promote plasticity in the motor cortex (Stefan, 2000). External stimuli can be expressed in many forms, including visual, auditory, and haptic stimuli, in motor learning applications (Deutsch et al., 2004).

Virtual reality (VR) based rehabilitation therapy can provide various feedback stimuli such as visual, auditory, and haptic stimuli. Currently, its application in the clinical medical field is becoming increasingly widespread; however, its rehabilitation effects remain unclear. It has been argued that excessive feedback may lead to patient dependence. However, it has also been suggested that multisensory stimulation is beneficial for improving patients’ positive expectations and self-efficacy (Shamy, 2010). Therefore, to achieve the optimal training effect of robotic rehabilitation training, it is necessary to study the influence of the form and intensity of feedback stimuli on the method’s training effects. By exploring the optimal interaction mode, a theoretical basis for a robotic interaction design can be provided. This is of great significance for the development of cranial nerve rehabilitation.

Currently, most studies compare several single-feedback stimuli such as visual and auditory stimuli. Wang et al. (2023) studied the effect of visual and auditory feedback based on the upper limb rehabilitation system on cortical activation. However, haptic feedback was not involved in this study. Haptic feedback is the most direct and necessary form of motion information for robots (Lieberman and Breazeal, 2007), it is indispensable. Research methods that combine other types of feedback in a variety of ways based on haptic feedback appear to be more applicable and comprehensive. Therefore, this study explored the effects of haptic feedback combined with visual or auditory feedback on cortical activation. By exploring the optimal feedback method, the rehabilitation efficiency of a rehabilitation robot can be improved.

The basic principle of neurological rehabilitation for stroke is brain plasticity. In the process of rehabilitation training, external sensory stimulation can promote neural activity, thereby promoting neural remodeling and functional recovery. This is also the significance of VR technology used in stroke rehabilitation. Therefore, studying the neural activity of the brain during rehabilitation training is the most intuitive way to reflect the training effect. Typically, the motor and cognitive cortices are activated during robot-assisted rehabilitation training. The premotor cortex (PMC) is involved in the planning and execution of motor tasks (Grafton et al., 1998). The sensorimotor cortex (SMC) is associated with task complexity and attention (control of attentional resources) during voluntary movements (Han et al., 2018). The PFC is mainly responsible for executive control processes related to working memory, coordinating other brain regions to accomplish goal-oriented behaviors, and plays an essential role in higher cognitive functions such as episodic memory and reasoning ability (Jacky et al., 2015, Carlen, 2017). Studies have shown that neural networks are active during complex executive processes and that the PFC is highly correlated with the posterior parietal cortex (Periánez et al., 2004). Therefore, the PMC, SMC, and PFC were selected as regions of interest (ROIs) in this study. During the training process, the cortical activation of the ROIs was measured to investigate the impact of different interaction modes on the training effect.

Currently, functional neuroimaging techniques that can be used to explore the activation of the cortex by external stimuli include positron emission tomography (PET), functional magnetic resonance imaging (fMRI), and functional near-infrared spectroscopy (fNIRS). Among these, fNIRS is non-invasive, has moderate spatial resolution, allows participants to perform body movements, is easy to wear, and has low sensitivity to motion artifacts. It is suitable for experiments with strong demands for interaction or brain activity detection in natural situations. Therefore, this research used fNIRS technology to study the corresponding ROIs in the cerebral cortex. The rationale is that neuronal activity induces hemodynamic responses through neurovascular coupling, which are related to changes in oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) concentrations measured by fNIRS (Scholkmann et al., 2014). Therefore, neuronal activity can be studied by observing changes in hemoglobin concentration in cerebral blood flow.

The purpose of this study was to use fNIRS technology to detect the activation of the cerebral cortex under different VR interaction modes and to explore the optimal feedback mode to improve the effectiveness of rehabilitation training. A multimodal, VR, interactive training system based on an end effector rehabilitation robot was developed to provide modular visual, auditory, and haptic feedback. In this study, experimental conditions based on haptic feedback that combined visual and auditory stimuli in different forms were established, including haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA). This research method was used to compare and study the potential differential effects of different VR interaction modes on the cerebral cortex and to explore a better interaction method. This provided a theoretical basis for optimizing the interaction design of rehabilitation robots.



2. Materials and methods


2.1. Equipment


2.1.1. VR interactive system of upper-limb rehabilitation robot

The end effector upper-limb rehabilitation robot ArmGuider was jointly developed by the University of Shanghai for Science and Technology and Shanghai ZD Medical Technology Co., Ltd., Shanghai, China. It is mainly composed of a working platform, linkage mechanism, power system, and display screen (Figure 1). The working platform is 1.20 meters long and 1.10 meters wide. The screen is 0.94 meters long and 0.53 meters wide. The robot offers multiple training modes and different speed and intensity levels. Moreover, it can realize trajectory training in the horizontal plane. The two-link system can transmit the interactive force between the power system and the end effector as a transmission component. During the training process, the patient’s affected arm was secured to the end effector (Figures 1C, D). The patient applied a force or the force was driven by the end effector. The robot can adjust the strength of the assistance or resistance provided in real time according to the force exerted by the user on the end effector to maintain a constant speed of movement or the patient’s training motivation. The target disease for this rehabilitation robot is stroke with mild motor and cognitive impairment. Some previous studies have shown that for stroke patients with mild brain injury, the neural response of their cerebral cortex is similar to that of healthy people (Rehme et al., 2011, Rehme et al., 2012). Therefore, the cortical activity of healthy people can reflect the neural activity of patients with mild stroke to a certain extent, which provides a certain experimental basis for clinical treatment.


[image: image]

FIGURE 1
Rehabilitation robots and fNIRS equipment. (A) The virtual reality (VR) system; the yellow line (from A to B) represents the training trajectory while the butterfly net represents the virtual object mapping the robot’s end effector. (B) The fNIRS equipment. (C,D) The actual movement process during the experiment. The participant’s hand was fixed onto the end effector and they carried out a straight-line reciprocating motion from A to B. The actual distance from A to B is 0.45 meters.


Several studies on robotic therapy devices have shown that continuous passive movement combined with active movement can promote motor recovery (Krebs et al., 2003, Hogan et al., 2006, Krebs, 2009). In this study, a novel passive-active combined training mode was adopted, as this mode allows for the adjustment of the interaction force according to the degree of patient participation to achieve the transformation of the active and passive modes. This innovative robotic training mode will assist therapists in delivering optimized therapy to restore upper extremity function in stroke patients with various needs and abilities (Blank et al., 2014). In addition, according to the characteristics of passive-active training, we designed a corresponding VR interaction system using the Unity 3D game engine. The virtual environment mainly uses natural scenery such as forests and grasslands as design elements (Figure 1A). The position of the end effector and the direction of the force were calculated in real-time and streamed to the virtual reality application. A butterfly net in a virtual environment then mapped the end effector. The butterfly flew according to a preset trajectory (Figure 1A) to represent the participants in the virtual environment and moved accordingly based on their actual movements.

In this study, auditory, visual, and haptic feedback were combined in a VR system. Haptic feedback involves the robot adjusting the force exerted on the end effector according to the active force exerted by the participant. To evaluate the patient’s exercise ability, we introduced the concept of “engagement,” that is, the proportion of the patient’s active exertion in the force required to complete the task. Throughout the training process, user engagement was displayed on the screen in real-time. The main task of the participants was to control the butterfly net to catch the virtual butterfly by pushing the end effector. When the participant’s engagement exceeded 30%, the butterfly in the virtual environment was “caught.” Visual feedback refers to the real-time display of the motion trajectory and special effects of bonus points when the task was completed. Auditory feedback refers to the sound played when a task was completed. Typically, feedback strategies can be categorized according to when feedback is provided: during motor task execution [concurrent (online, real-time) feedback], or after (terminal feedback) motor task execution. In general, a visual concurrent feedback design is desirable to guide participants to optimal movements without relying on feedback. The reference trajectories provided additional information regarding the participants’ range of motion. Therefore, concurrent feedback and terminal feedback were included in this study, and their effects on neural activity need to be further explored.



2.1.2. fNIRS system

In this study, a continuous-wave fNIRS system (Brite24, Artinis, Netherlands) was used to measure cortical activity. A system with wavelengths of 760 and 850 nm was used to record cortical activity at a sampling rate of 10 Hz. To test cortical neural activity in the cognitive and motor areas, we chose two 12-channel optode templates with a total of 18 optodes (10 light sources and 8 detectors) (Figure 2). The optodes were mounted on a holder on the NIRS cap. The distance between the sources and detectors was 3.0 cm. For accurate fixation, caps were available in large, medium, and small sizes to accommodate different head sizes. The international 10–20 system was used to locate the fNIRS optodes (Wang et al., 2018). Cz, Fz, and other symbol positions were marked on the caps according to the 10–20 system. For more accurate positioning, the cranial vertex (Cz) was set as a reference point for the positioning of the optodes. In addition, the Montreal Neurological Institute (MNI) 152 is the most widely used average brain template, created by averaging 152 brains co-registered with the Talairach brain (Peters, 1998) to eliminate differences in the shape and anatomy of different brains. Previous studies have established a correspondence between the MNI coordinate system and the 10–20 system (Jasper, 1958). At the same time, NIRS-SPM provides statistical parametric mapping tools for fNIRS (Collins et al., 1994). NIRS-SPM uses probabilistic registration of 3D spatial data of optodes and 10–20 landmark positions to transform functional images into the MNI space (Figure 2). The brain areas corresponding to each channel were then extrapolated from the reference points based on the MNI template (Okamoto et al., 2004). The ROIs based on the Brodmann area (BA) regions included the SMC (BA4), PMC (BA6), and PFC (BA8/9/46). The channels corresponding to each ROI were as follows: PFC: channels 1–12; SMC: channels 14, 15, 17, 19, 20, 21, and 23; and PMC: channels 13, 16, 18, 22, and 24.
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FIGURE 2
Localization of the fNIRS optodes, channels, MNI coordinates, and Brodmann correspondences. (A) Yellow, transmitters; blue, detectors; and red, channels. (B) Montreal Neurological Institute (MNI) coordinates for each channel (n = 24) with x, y, and z coordinates. The Brodmann area correspondences (number, name, and %) were extracted from the NIRS-SPM toolbox on the right.





2.2. Participants

Twenty healthy participants (five women; mean age, 24 ± 2.34) with no history of neurological, motor, or psychological disorders participated in this study. Auditory, visual, and cognitive abilities were tested during the experimental training before the experiment, and no impairments were found. All the participants were fully informed of the experimental procedures. In addition, to avoid the different effects on cortical activation that occur due to handedness, we tested the handedness of all participants using the Edinburgh Handedness Inventory to ensure the accuracy of the experimental results (Oldfield, 1969). The test results showed that all the participants were right-handed.



2.3. Procedure

In this study, the four experimental conditions were as follows: H, HA, HV, and HVA. As shown in Figure 3, under the H condition, the interactive interface was blank, and the participants could only feel the interactive force of the robot end effector without visual and auditory feedback. In the HA condition, interactive forces and prompt tones were provided, but no interactive interface was visible. Those in the HV and HVA conditions could see the interactive interface; however, the conditions differed in terms of whether a prompt tone was provided. In addition, the training speed was set to 0.12 m/s. The training trajectory was a straight line (length of 45 cm) in the Y-direction, as shown in Figures 1C, D. The trajectory allows for the training of elbow flexion and extension and strengthening of the biceps and triceps muscles. We measured the participants’ cortical activity under the four conditions. A block paradigm design that repeats three cycles (with each cycle consisting of two phases, rest (40 s) to task (40 s)) was used for each task, as depicted in Figure 3. Therefore, a single measurement lasted 240 s. During the 40 s task phase, there are approximately five upper arm flexion and extension movements. The execution sequence of the four experimental conditions was assigned randomly by applying a random permutation function “randperm” in MATLABR2012b (MathWorks, Natick, MA, USA).
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FIGURE 3
The experimental paradigm and the four different virtual reality (VR) training modes. The patients performed four cycling tasks, each starting with a 40 s rest period and a 40 s training period, which was repeated three times. The abbreviations in the figure represent haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA).


Cortical activation was measured using an fNIRS system. The ROIs were the SMC, PMC, and PFC, and the arrangement of the optodes is illustrated in Figure 2. As the signals of channels 1–7 were weak and unstable after pre-processing, these channels were removed. The channels corresponding to each ROI were as follows: PFC, channels 8, 9, 10, 11, and 12; SMC, channels 14, 15, 17, 19, 20, 21, and 23; and PMC, channels 13, 16, 18, 22, and 24. According to the modified Beer–Lambert law, we obtained the HbO and HbR values that followed changes in cortical concentration levels (Holper et al., 2009). The optodes were placed on the cap according to the template. According to the international 10–20 system, the cap was positioned on each participant’s forehead by centering the specific mark on the bottom line of the optodes at the Fpz (10% of the distance between the Nasion and Inion). The same method was applied for Cz and Fz for validation. We then used the MNI template for probabilistic registration in the NIRS-SPM system (Collins et al., 1994). The luminous flux of each channel was adjusted to a better range to ensure the reliability of the experimental data.

The experiment was conducted in a quiet and stable-light environment. Before the experiment, the participants were asked to sit comfortably in a chair with their upper bodies upright. The heights of the working platform and chair were adjusted to a comfortable position. The participant’s right forearm was fixed to the end effector. Moreover, the participants were trained on the robot for five minutes to familiarize themselves with the experimental procedure and operating methods. During the experiment, the participants were required to perform upper limb reciprocation between points A and B under different experimental conditions (Figures 1C, D). Participants were required to actively participate to achieve the highest possible engagement. In addition, auditory stimuli were presented to participants through loudspeakers. The participants were required to focus on the screen in all four experimental conditions, including on the blank background in the H and HA conditions, as shown in Figure 3. In addition, participants were instructed to relax their bodies during the experiment and avoid physical movements other than those of the right arm, including facial movements, frequent blinking, and looking around. One experimenter operated the robot and provided participants with verbal prompts including “start” and “rest,” while another experimenter used the fNIRS system to monitor changes in cerebral cortex activity in real-time (Cope and Delpy, 1988).



2.4. Data analysis


2.4.1. Cortical activation imaging

The fNIRS equipment measured changes in the optical density of cerebral blood flow non-invasively. According to the modified Beer–Lambert law, the relative change in HbO concentration can be obtained by changing the optical density (Holper et al., 2009). We analyzed the fNIRS data using the software package NIRS-SPM (KAIST, Daejeon, South Korea) (Collins et al., 1994) implemented in MATLAB (MathWorks, Natick, MA, USA). Global drifts often occur due to breathing, cardiac, vaso-motion, or other experimental errors in fNIRS experiments. In this study, the hemodynamic response function (HRF) and wavelet-MDL were employed to eliminate the global trend and improve the signal-to-noise ratio (SNR) (Yu et al., 2011). Besides, the hemodynamic modality separation method was used to further remove the global trend (Yamada et al., 2012). Moreover, a generalized linear model (GLM) was used to analyze the fNIRS data by simulating the hypothetical HbO response under experimental conditions (Ye et al., 2009). After analyzing each participant’s data, a group analysis was conducted on all participants’ experimental data under the same experimental conditions, and a t-test was selected to obtain the activation diagram of each experimental condition.



2.4.2. Statistical analysis

The GLM model is a linear combination of predicted responses to different stimuli and error terms. By comparing the ideal and detected modes of the GLM, the β coefficient can be estimated by applying the least-squares method. The activation level of the cerebral cortex can then be obtained by statistical analysis of the β (Collins et al., 1994). Each channel corresponds to a β value that represents the activation level of the channel. The β value of the corresponding channel in each ROI was statistically analyzed as a parameter representing the activation level of this channel. In this study, the average of the β values of channels located in the same ROI was calculated and then a two-way repeated measures ANOVA was performed across different experimental conditions and different ROIs. In addition, a Greenhouse–Geisser (G–G) correction was applied when the spherical hypothesis was violated. The Bonferroni test was used for post hoc analysis, followed by ANOVA. Statistical analysis was performed using SPSS software for Windows (version 26.0; SPSS Inc., Chicago, IL, USA). If the p-value was less than 0.05, the null hypothesis of no difference was rejected.



2.4.3. Connectivity analysis

Connectivity analysis provides more information regarding dynamic network-level changes than that inferred from the extent and laterality of activation (Veldsman et al., 2015). This may be a complementary approach to understanding the neural reorganization patterns underlying stroke recovery (Grefkes and Fink, 2014). In this study, the Pearson correlation coefficient was used to characterize the connectivity among the studied brain areas. The Pearson correlation coefficient was obtained by dividing the covariance by the standard deviation of the two variables (generally represented by r), with r represented by values between −1 and 1. As the linear relationship between the two variables increased, the correlation coefficient tended to be 1 or −1. The HbO concentration in the task phase was analyzed, and the sample size for each channel was 1200. Pearson correlation coefficients between each channel were calculated. The average of the analysis data for all participants was then computed. In order to compare the correlation coefficients more intuitively, statistical analysis was carried out. The average value of correlation coefficients of between channels located in the corresponding ROIs was calculated. Then, one-way ANOVA was performed among the experimental conditions, and the Bonferroni correction was conducted.





3. Results

This study investigated the cortical activation and functional connectivity among brain areas during different VR interaction modes using fNIRS technology. The engagement was calculated as the behavioral result. Optical imaging and statistical analysis of beta waves were performed for cortical activation analysis. In addition, Pearson’s correlation analysis was applied to assess the connectivity among the ROIs.

The statistical analysis of engagement in four conditions is shown in Figure 4. During the experiment, the sensors of the robot recorded the active force exerted by the subject on the end effector. We calculated the ratio of the subject’s active force to the total force required to complete the task to obtain the engagement, as the behavioral result. One-way ANOVAs were performed for the engagement of four conditions. As can be seen in Figure 4, the engagement was highest in the HVA group, followed by the HV, HA, and H groups, respectively. Among them, there were significant differences between the H and HVA, HA and HVA conditions (p < 0.05).
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FIGURE 4
Statistical analysis of the engagement under four experimental conditions. *p < 0.05, **p < 0.01. The abbreviations in the figure represent haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA).


The time series data of concentration change of HbO and HHb are plotted in Figure 5. We randomly selected channel 8 and calculated the averaged fNIRS responses (of both HbO and HHb) that were superimposed across four conditions of all subjects. The solid line represents the mean of the concentration and the shade represents the error (mean ± SD) (n = 20). The three areas separated by dotted lines in the figure represent three trials, where the first 40 s of each trial are the task phase. In the figure, HbO and HHb under the same conditions are drawn in the same color. In the task phase, the HbO concentration change curve shows an upward trend, while the HHb concentration change curve shows a downward trend. It can be seen from the figure that the average concentration changes of HbO and HHb show good periodicity. When the concentration of HbO increases, the concentration of HHb decreases slightly.
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FIGURE 5
Time series of oxyhemoglobin (HbO) and HHb changes during the task. The solid line represents the mean of the concentration and the shade represents the error (mean ± SD) (n = 20). The three areas separated by dotted lines in the figure represent three trials, where the first 40 s of each trial are the task phase. The red, green, blue, and purple curves represent HVA, HV, HA, and H modes, respectively. Thicker lines represent HbO and thinner lines represent HHb. The abbreviations in the figure represent haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA).


The fNIRS cortical activation imaging scans during the four VR training modes are illustrated in Figure 6 (p < 0.05, uncorrected). The color bar represents the t-value. As shown in the figure, the SMC, PMC, and PFC regions showed significant activation (p < 0.05) under the four interaction modes. It is worth mentioning that the activation levels in both the cognitive and motor regions of the HV and HVA groups were similar. Furthermore, compared to the H and HA groups, the activation area, and degree of the HVA and HV groups were stronger. Additionally, in the motor region, the activation area of the H group was broader than that of the HA group. Nevertheless, the degree of activation of the HA group was higher than that of the H group (Figure 6).
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FIGURE 6
Optical imaging of cortical activities (group analysis). The abbreviations in the figure represent haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA).


The statistical analysis of the regression coefficients (β) under four experimental conditions of three ROIs was shown in Figure 7. The results of repeated measures ANOVA showed that the main effect of experimental conditions was significant, F = 27.4, p < 0.001, η2 = 0.259. The main effect of ROI was significant, F = 5.705, p = 0.012, η2 = 0.024. The interaction between ROI and conditions was significant, F = 4.686, p = 0.001, η2 = 0.056. The simple effect test of experimental conditions showed that in PFC, the simple effect of experimental conditions was significant, F = 26.216, p < 0.001, η2 = 0.251. In SMC, the simple effect of experimental conditions was significant, F = 27.701, p < 0.001, η2 = 0.261. In PMC, the simple effect of experimental conditions was significant, F = 11.156, p < 0.001, η2 = 0.125. The simple effect test result of ROI shows that under the H condition, the simple effect of ROI was significant, F = 8.440, p < 0.001, η2 = 0.067. Under HA condition, the simple effect of ROI was significant, F = 9.155, p < 0.001, η2 = 0.073. Under the HV condition, the simple effect of ROI was not significant, F = 0.243, p = 0.785, η2 = 0.002. Under the HVA condition, the simple effect of ROI was not significant, F = 1.604, p = 0.203, η2 = 0.014. After multiple comparisons, it was found that under the H condition, the beta values of PFC, PMC, and SMC decreased in turn, and the beta values of PFC were significantly higher than SMC (p < 0.001). Under the HA condition, the beta values of PFC, SMC, and PMC decreased in turn, and the beta values of PFC and SMC were significantly higher than that of PMC (p < 0.001). Under the HV condition, the beta values of SMC, PFC, and PMC decreased in turn, without significant difference. Under the HVA condition, the beta values of PMC, SMC, and PFC decreased in turn, and there was no significant difference.
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FIGURE 7
Statistical analysis of the regression coefficients (β) under four experimental conditions of three regions of interest (ROIs). SMC, sensorimotor cortex; PFC, prefrontal cortex; PMC, premotor cortex. The abbreviations in the figure represent haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA).


To investigate the effect of auditory feedback in the presence of visual feedback, we conducted a two-way ANOVA on the beta values of all ROIs under the condition of the presence or absence of visual and auditory feedback. The results of the intersubjective effect test showed that the test statistic of whether there was visual feedback or not was F = 86.472, p < 0.001, indicating that there was a significant difference in the effect of visual feedback on the activation level. The test statistic of auditory feedback was F = 17.633, p < 0.001, indicating that there was a significant difference in the influence of auditory feedback on the activation level. The test statistic of whether there was visual feedback * whether there was auditory feedback was F = 22.168, p < 0.001, indicating that visual and auditory feedback have an interaction effect, which had a significant impact on the activation level. The result of the descriptive statistical analysis was shown in Figure 8. As can be seen from the figure, in the absence of visual feedback, the impact of auditory feedback on the activation level was similar, while in the presence of visual feedback, the impact of auditory feedback on the activation level was significantly improved.


[image: image]

FIGURE 8
Statistical analysis of the regression coefficients (β) under the presence or absence of visual feedback or auditory feedback. A simple representation was given in the figure. NV, no visual feedback; V, visual feedback; NA, no auditory feedback; A, auditory feedback.


The functional connectivity analysis of HbO among the ROIs is shown in Figure 6. Each pixel value in the 24 × 24 matrix corresponds to the value of the Pearson correlation coefficient, which represents the correlation between the two measurement channels. The channels were ordered according to the ROI to which they belong. The ROIs were distinguished by gaps forming a 9 × 9 matrix. The numbers marked in the figure are the mean values of the Pearson correlation coefficients among the channels in each ROI. It can be concluded that the correlation between the SMC and PMC was the strongest in the HVA training mode, whereas the strongest correlation between the PMC and PFC was found in the H training mode. The strongest correlation between the SMC and PFC was observed in the HVA and HV training modes. In addition, the correlations between the channels within the PFC and SMC were stronger in the H and HA modes. However, the correlation between the channels of the two ROIs was stronger under the HV and HVA modes.

The results of the statistical analysis of the correlation coefficients (r) are shown in Figure 10. As can be seen from the figure, the connectivity of bilateral PFC vs. PFC, and SMC vs. SMC was strong and similar under all experimental conditions. The connectivity of bilateral PFC vs. SMC, and PMC vs. PMC was stronger under HVA and HV conditions, and the connectivity of SMC vs. PMC was strongest under HVA conditions. However, the connectivity of bilateral PFC vs. PMC was the strongest under H.



4. Discussion

This study aimed to investigate the effects of different VR interaction modes on the degree of cortical activation and connectivity among ROIs. We developed a modular VR interactive system based on an end-effector rehabilitative robot. Four different VR interaction modes (H, HA, HV, and HVA) were included in this study, the behavioral performance and cortical activation were measured using the robot and fNIRS equipment, respectively. The results showed that the behavioral performance under HVA was the best (Figure 4). The average concentration changes of HbO and HHb showed good periodicity. When the concentration of HbO increases, the concentration of HHb decreases slightly (Figure 5). The results showed that all four VR interaction modes had significant activation effects on the cerebral cortex, with the HVA condition inducing the strongest activation, encompassing the SMC, PMC, and PFC regions (Figure 7). Furthermore, the HVA mode also displayed a significant advantage in functional connectivity between SMC and PMC regions (Figures 9, 10).
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FIGURE 9
Heat map of the connectivity among the channels. The matrix map includes all channel pairs. Color bars indicate the value of r. The x and y axes representing the ROIs indicate the dorsolateral prefrontal cortex (PFC, channels 8–12), somatosensory area (SMC, channels 14, 15, 17, 19–21, and 23), and premotor cortex (PMC, channels 13, 16, 18, 22, and 24). The abbreviations in the figure represent haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA).
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FIGURE 10
Statistical analysis of the correlation coefficients (r) under four experimental conditions between different regions of interest (ROIs). The ROIs include the bilateral dorsolateral prefrontal cortex (PFC, channels 8–12), somatosensory area (SMC, channels 14, 15, 17, 19–21, and 23), and premotor cortex (PMC, channels 13, 16, 18, 22, and 24). The abbreviations in the figure represent haptic (H), haptic + auditory (HA), haptic + visual (HV), and haptic + visual + auditory (HVA).


Previous research has shown that the visual perception of spatial information is more accurate, whereas the auditory perception of time information is even more accurate (Freides, 1974). Haptic perception can fulfill the relatively high requirements related to temporal and spatial information processing (Nesbitt, 2004), while visual feedback plays an essential role in therapeutic regimens for voluntary movements (Luara et al., 2016). These features can be powerful when employed with VR technology (Maciejasz et al., 2014). In addition, auditory feedback can redistribute one’s perceptual and cognitive load and become the focus of attention (Eldridge, 2006, Secoli et al., 2011). However, the impact of auditory feedback is largely dependent on the intuitiveness and accuracy of the mapping interpretation, and it must be chosen carefully; therefore, auditory displays are less common than visual displays (Sigrist et al., 2013). It can be seen from the results of this study that in the absence of visual feedback, compared with the H mode, the HA mode had a smaller area of activation in the motor cortex (Figure 6), a weaker degree of cortical activation in PMC (Figure 7), and weaker connectivity between PFC and SMC, PFC and PMC (Figures 9, 10). The results of two-way ANOVA of the existence of visual feedback and auditory feedback show that auditory feedback was difficult to show a strong effect on cortical activation level in the absence of visual feedback. However, in the presence of visual feedback, the improvement of activation level by fusion auditory feedback was significantly higher than that without auditory feedback, which may be related to the interaction effect between visual and auditory feedback (Figure 8).

As shown in Figures 6, 7, the HV and HVA groups demonstrated higher degrees of activation in the SMC and PFC regions than the H and HA groups. Previous studies have shown that the PFC is associated with decision-making and motor strategy development. Specifically, the PFC assists in regulating the response and behavior generated by environmental stimuli (Wood and Grafman, 2003) and participates in the attentional demands of trajectory planning. Thus, activation of the PFC reflects its role in maintaining attention and regulating postural control (Woollacott and Shumway-Cook, 2002, Drew et al., 2004). In contrast, the SMC plays a vital role in the early stages of motor learning and is mainly involved in observing motor tasks and integrating multiple sensory inputs (Bhattacharjee et al., 2020). It is usually activated in response to somatosensory stimuli such as haptic stimuli, disturbances, and passive movements. Thus, activation of the SMC and PFC regions during active upper-limb training represents the increased attention of the participants. As can be seen from the results of this study, interaction patterns that incorporate visual feedback may help to engage the attention of users.

As shown in Figure 7, the cortical activation levels were similar under the HV and HA interaction modes in SMC and PFC regions, whereas activation under the HVA condition was significantly higher than in the other interaction modes. This indicates that the higher activation levels under HVA conditions may not result from individual visual or auditory feedback; instead, these may result from a combination of multiple feedback modalities. Similar results have been reported in previous studies. For example, Leff et al. (2011) showed that the motion control system of the arm can adapt to a kinematic environment using auditory feedback and that the effect of auditory feedback is similar to that of visual feedback. Furthermore, Radziun and Ehrsson (2018) hypothesized that neuron populations integrate auditory signals with visual, tactile, and proprioceptive signals from the upper limbs, suggesting that the four interactions among vision, touch, proprioception, and sound are more conducive to the perception of limb ownership. In addition, studies have shown that auditory stimuli are effective at perceiving speed, regularity, and periodicity of motion (Kapur et al., 2005). Therefore, in future designs, auditory feedback design objects can incorporate the carrier signal, loudness, and pitch height (Konttinen et al., 2010).

As shown in Figures 9, 10, the correlation between the SMC and PMC was the strongest under the HVA mode. Notably, the PMC is responsible for motor initiation and motor control coding of skilled motor sequences (Sabes, 2000, Inoue and Sakaguchi, 2014). This suggests that HVA training modalities can provide sufficient feedback to stimulate the motor cortex to better facilitate motor initiation and control, which may be advantageous in the early stages of motor activity. In addition, some studies have shown that multimodal stimuli are generally perceived more accurately and faster than unimodal stimuli, reaching the threshold of neural activation earlier (Forster et al., 2002, Shams and Seitz, 2008). As task complexity increases, users prefer multimodal interactions, suggesting that users self-manage by shifting from unimodal interactions to multimodal interactions as their cognitive demands increase (Oviatt et al., 2004). Previous studies have shown that when visual information is input, the movement pattern is controlled according to the target location. In response, the movement policy responds quickly. In the absence of visual input, the response is slower but easier to recall later (Kovacs et al., 2010). Therefore, multimodal fusion should be employed during the early stages of motor learning. As the patient’s motor function continues to improve, the stimulation can be gradually reduced to maintain a greater cognitive load and enhance memory.

In summary, we studied the cortical activation patterns under four different VR training modes based on end-effector upper-limb rehabilitation robots. The results show that upper-limb rehabilitation robot training can activate the lateral SMC, PMC, and PFC. In addition, the HVA training mode displayed higher levels of brain activation and stronger connectivity among cortical regions. These results may contribute to the development of rehabilitation robots and provide a physiological basis for robot design and rehabilitation strategy formulation. Moreover, fNIRS can be a useful tool for studying the cortical effects of rehabilitation robots.

The limitations of this study must be considered. First, the form of auditory feedback used in this study was relatively simple and may not have strongly excited the nerves, thus affecting the experimental results. Second, some researchers have suggested that after training with multimodal stimuli, multimodal processing may be activated even if only a single modal stimulus is present (Shams and Seitz, 2008), which may have influenced the results of the experiments. In addition, the target users of this technology are older adults and people with upper extremity dysfunction; however, this hypothesis was tested only in young, healthy participants, and the number of participants was small. In the future, more participants should be included, including patients with neurological injuries, to investigate these initial findings in greater depth.

In the future, we will increase the modalities of robotic auditory stimulation to explore whether multiple auditory feedback tones lead to higher neural activity levels. In addition, elderly people and people with brain injuries will be included. Furthermore, the effects of other training modes, forces, and trajectories of the rehabilitation robot on cortical activation should be investigated to provide more comprehensive and systematic evidence.



5. Conclusion

In this study, we used fNIRS to investigate the significant activation of the parietal and prefrontal cortices during a VR training task. We have integrated visual and auditory feedback based on haptic feedback to form a multilevel VR training mode. With the integration of more sensory feedback, neuronal activity generally increased, which was reflected in the degree of cortical activation and connectivity of the ROIs. This indicates that multimode VR is more helpful in activating the cerebral cortex and promoting the connection of brain regions. The results may provide a specific theoretical basis for the human-computer interaction design of upper limb rehabilitation robots and provide an optimal interactive mode for rehabilitation robots.
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T Significantly greater than R-ACLR Tegner current score (P = 0.011).

*Significantly greater than CTRL Tegner current score (P = 0.010).
CTRL, asymptomatic control group; IKDC 2000, International Knee Documentation
Committee Subjective Knee Form; IQR, interquartile range; L-ACLR, left-side
anterior cruciate ligament-reconstructed group;, R-ACLR, right-side anterior
cruciate ligament-reconstructed group; TSK, Tampa Scale of Kinesiophobia.
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Test side Brain regions Voxel# P Zmax MNI coordinates

X v z
Left Contra. Inferior frontal 1608 0.000 6.15 51 9 30
gyrus
Contra. Middle frontal 1049 0.000 5.33 36 30 33
gyrus
Contra. Median and 864 0.000 529 8 29 36
Paracingulate gyri
Ipsi. Insula* 330 0.001 5.63 -32 24 2
Contra. Temp. Pole: 97 0.008 5.17 54 11 -5

Superior temp. Gyrus
Contra. Supramarginal 84 0.010 4.60 48 -29 38

gyrus
Ipsi. Superior frontal 43 0.018 457 -9 29 47
gyrus

Right Ipsi. Middle frontal 666 0.000 551 29 33 26
gyrus
lpsi. Inferior frontal 596 0.000 576 51 5 20
gyrus
Contra. Ant. and 1562 0.005 498 -9 33 21
Paracingulate gyri
Ipsi. Ant. and 135 0.006 4.67 8 33 26
Paracingulate gyri*
Ipsi. Insula 61 0.015 470 35 20 6
Contra. Supramarginal 15 0.031 470 65 -26 42
gyrus*
Ipsi. Precentral gyrus 15 0.031 442 47 O 42

tSeven brain regions for each test side showed significantly greater
BOLD response during the JPS condition compared with the Flex
condition across groups.

+Significant correlation between knee JPS AE and BOLD percentage change. For
left test side n = 30 (L-ACLR 11 and CTRL 19), right test side n = 29 (R-ACLR
10 and CTRL 19).

Test side: the leg that was active during the JPS test; Voxel #: indicates number
of activated voxels in this cluster; P: 0.05 family wise error rate corrected (cluster
level); Z max: Z-score of the voxel with the highest activity for main effect from
condition; MINI: voxel with the highest activity in MINI-space. Ant., anterior; Contra.,
contralateral; CTRL, asymptomatic control group; Flex, flex condition; Ipsi.,
ipsilateral; JPS, joint position sense condition; L-ACLR, left-side anterior cruciate
ligament-reconstructed group; MNI, Montreal Neurological Institute; Rest, rest
condition; R-ACLR, right-side anterior cruciate ligament-reconstructed group;
Temp., temporal.
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Time range (s) Pathlength mean + Std (cm) Mean velocity mean =+ Std (cm/s) RMS mean =+ Std (cm)

Control Intervention Control Intervention Control Intervention
70.8-86.4 192+ 137 1.94 % 0.99 0.04£0.19 0.01£023 136 % 1.34 1.67 4125
141.6-177.6 6.11 £ 4.81% 362+ 1.92% 0.024028 0.00 £ 0.14 1444085 214+ 123

*Denotes a statistically significant difference between respective control and intervention conditions as determined by corrected paired t-test (p < 0.0083).





OPS/images/fnhum-16-1037410/cross.jpg
@ Check for updates.





OPS/images/fnhum-16-1037410/fnhum-16-1037410-t001.jpg
References

Riquelme-Ros
etal., 2020

Dahm and
Rieger, 2016a

Sallard et al.,
2014

Debarnot
etal, 2012

Szameitat
etal, 2012

Nair et al.,
2003

Movement type

Drumming of the
fingers, swinging
wrist up and down;
mimicked piano
playing - Imagined
only

Target task including
reaching in response
to a cue; reaction
time, movement
time, and movement
preparation time

were captured

Unimanual and
bimanual finger
tapping

Simple and complex
unimanual and
bimanual finger
sequence learning

Everyday tasks such
as tying shoelaces,

buttoning a shirt

Unimanual and
bimanual finger to
thumb opposition
task

Motor
imagery

Not specified

Kinesthetic imagery
at each phase of the
movement,
pressing and
holding the start
button, reaching for
the target and
pressing the target

Not specified

Kinesthetic,
internal visual

Kinesthetic first

person

Not specified

Neuro-
imaging
technique

EEG

Cognition
and behavior

only

EEG

Cognition
and behavior

only

fMRI

fMRI

Population
studied

Expert piano players

(n = 4; 2 males, 2 females,
mean 24.5 years) vs.
controls (n = 4; 2 males,
2 females, mean

32.75 years)

Healthy adults (n = 23,
mean age 24.5 years)

Young (n = 29; 14 males,
15 females; age range
19-29 years) vs. Old

(n = 27; healthy adults,
12 males 15 females; age
range 60-83)

Healthy adults (n = 48,
gender not reported,

mean age 27.8 years

Neurologically healthy
adults (n =17, 6 male, 11
female, aged 19-31; mean
22 years)

Neurologically healthy
adults (n = 8; 3 males and
5 females; ages 25-40)

Key points

-The Common Spatial Patterns (CSP) machine learning
algorithm was applied to feature extraction and Linear
Discriminant Analysis (LDA) machine learning algorithm was
applied to classification using 8 electrode cap.

-Expert pianists achieved higher level of BCI control (75%)
compared with non- pianists (63%) using motor imagery.
-Bimanual coordination constraints are present in motor
imagery.

-Functional equivalence between real and imagined movement
is present even for short reaction times to stimuli.
-Task-dependent differences occur in motor imagery; some rely
more heavily on kinesthetic representation whereas others rely
more heavily on a visual representation.

-Different subcomponents of movement are not equally vivid
during motor imagery.

-Main effect of tapping condition in both low and high beta
bands, with lower power in bimanual than unimanual in both
age groups.

-Bimanual advantage is absent in the elderly; Motor imagery
was not included in the methods, rather in the interpretation of
the results.

-Elderly may rely more on visual imagery compared with
kinesthetic imagery due to reduced kinesthetic reafferences.
-Sleep following Motor Imagery training improved
performance compared to same passage of time with no sleep
(daytime interval).

-Strongest performance gains were obtained for the most
challenging task; this finding illustrates that similar to learning a
physical motor skill, sleep enhances memory consolidation of
MI, and the effect is enhanced as the difficulty of the skill
increases.

-High in ecological validity; results consistent with laboratory
models of bimanual coordination.

-Detected changes in functional connectivity within and
between cerebral hemispheres.

-Highlighted importance of multivariate network analysis
rather than region-of-interest approach.

-Sensorimotor cortex, supplementary motor area (SMA),
superior parietal lobule and cerebellum were identified when
the tasks involved both planning and execution.

-Cerebellar activity present during actual, but not imagined,
movement; thereby supporting motor control theory that the
cerebellum monitors cortical output and provides corrective
information to the motor cortex primarily during physical,
executed movement.

-Subjects reported that imagining the bimanual sequence

movement was the most difficult of the tasks performed.

Clinical populations, such as Parkinson’s disease, cerebral palsy or autistic spectrum disorder, are beyond the scope of this brief review.
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BA (%)

10 - Frontopolar area (94)
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Chd 2 L ¢ 11 - Orbitofrontal area (13)
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Cho 32 54 33 9-46 - Dorsolateral prefrontal cortex (100)
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Chl1l -31 53 32 9-46 - Dorsolateral prefrontal cortex (100)
8 - Includes Frontal eye fields (12)
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4 - Primary Motor Cortex (3)
thild =20 = oa 6 - Pre-Motor and Supplementary Motor Cortex (97)
3 - Primary Somatosensory Cortex (5)
Ch 14 -30 =27 74 4 - Primary Motor Cortex (75)
6 - Pre-Motor and Supplementary Motor Cortex (20)
3 - Primary Somatosensory Cortex (18)
Ch 15 -42 -20 68 4 - Primary Motor Cortex (64)
6 - Pre-Motor and Supplementary Motor Cortex (18)
6 - Pre-Motor and Supplementary Motor Cortex (75)
RS 49 8 52 9 - Dorsolateral prefrontal cortex (25)
3 - Primary Somatosensory Cortex (26)
Ch 17 -55 -12 54 4 - Primary Motor Cortex (43)
6 - Pre-Motor and Supplementary Motor Cortex (31)
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4 - Primary Motor Cortex (20)
a.ls s < o 6 - Pre-Motor and Supplementary Motor Cortex (42)
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1-2-3 - Primary Somatosensory Cortex (49)
Ch 19 -35 -46 71 7 - Somatosensory Association Cortex (45)
40 - Supramarginal gyrus part of Wernicke's area (6)
1-2-3 - Primary Somatosensory Cortex (92)
Gh20 e G2 & 4 - Primary Motor Cortex (8)
1-2-3- Primary Somatosensory Cortex (83)
Ch 21 -60 -23 =1 4 - Primary Motor Cortex (10)
40 - Supramarginal gyrus part of Wernicke's area (7)
1-2-3 - Primary Somatosensory Cortex (65)
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39 - Angular gyrus, part of Wernicke's area (3)
Ch2b = e 20 40 - Supramarginal gyrus part of Wernicke's area (97)
Ch24 -63 -41 47 40 - Supramarginal gyrus part of Wernicke's area (100)
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Participant ID Age Sex Height Weight

(years) (ft/in) (Ibs)
1 34 Male 59" 158
2 29 Female 57" 150
3 24 Male 60" 165
4 32 Male 57 160
5 29 Female 52" 107
6 24 Male 60" 200
7 34 Male 61 195
8 2 Male 511" 170
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Time range (s) Consecutive points below Control CoP mean = Std (cm) Intervention CoP mean = Std (cm)

27.6-30 2 0.52 £ 1.81 —0.09 + 1.73
34.8-38.4 3 042+ 175 —0.18 £ 1.27
70.8-86.4 13* 0.17 + 1.86 —1.36 + 1.54
116.4-129.6 11 —0.15+1.86 —1.81+1.79
141.6-177.6 30% —0.35 £ 1.61 —1.93+1.48

When the value of the t-series exceeded our set significance of 0.05 (denoted by *) for at least 12 subsequent points (given a series of 150 points with an autocorrelation of
0.9150), the difference was considered significant.
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Distance

0-2 km
2-4km
4-6 km
6-8 km
8-10 km
0-12km
2-14 km
4-16 km

6-18 km

8-20 km

Male Female
Segmented time Speed Total time Segmented time Speed Total time
9-min 3.7m/s *9-min 10-min 10-s 3.2m/s *10-min 10-s
9-min 3.7m/s * 18-min 10-min 10-s 3.2m/s 20-min 20-s
8-min 45-s 3.8m/s 26-min 45-s 10-min 3.3m/s 30-min 20-s
8-min 45-s 3.8m/s 35-min 30-s 10-min 3.3m/s 40-min 20-s
8-min 45-s 3.8m/s & 44-min 15-s 10-min 3.3m/s &50-min 20-s
8-min 30-s 3.9m/s & 52-min 45-s 9-min 55-s 3.3m/s &60-min 15-s
8-min 30-s 3.9m/s 61-min 15-s 9-min 55-s 3.3m/s 70-min 10-s
8-min 30-s 3.9m/s 69-min 45-s 9-min 55-s 3.3m/s 80-min 5-s
8-min 15-s 4.0m/s # 78-min 9-min 50-s 3.4m/s #89-min 55-s
8-min 15-s 4.0m/s # 86-min 15-s 9-min 50-s 3.4m/s #99-min 45-s

*Represent the start and end points of the initial stage’s time-window (male 0-min to 10-min, female 0-min to 10-min), &represent the start and end points of the intermediate stage’s

time-window (male 38-min 7.5-s to 48-min 7.5-s, female 44-min 52.5-s to 54-min 52.5-s), and *represent the start and end points of the sprint stage’s time-window (male 76-min 15-s to

86-min 15-s, female 89-min 45-s to 99-min 45-s).
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Number Age Gender Education Height Weight Heart rate (b.p.m) Blood diastolic/systolic Body temperature (°C)

(year) (year) (cm) (kg) pressure (mmHg)

Initial Intermediate Sprint Pre Post Pre Post
N1 20 Female 3 72 54 45 71 90 25/75 147/96 362 36.7
N2 21 Male 5 73 67 43 68 88 41/79 150/88 36.4 36.8
N3 25 Female 9 68 50 40 76 91 97/66 143/101 362 36.8
N4 27 Male 20 78 70 44 69 89 22/92 140/112 362 37.5
N5 18 Male 3 80 60 45 70 90 20/90 141/113 363 37
N6 21 Male 3 92 75 43 73 91 3/90 137/109 36.4 37.7
N7 25 Male 9 75 53 40 7 89 7/84 148/101 365 37.0
N8 25 Female 9 56 45 43 72 86 08/90 126/98 362 36.9
N9 24 Male 6 80 73 39 70 85 08/70 138/95 365 37
N10 21 Female 5 68 54 46 74 85 2/79 132/92 362 36.5
Ni1 19 Male 3 80 76 41 74 ) 4/80 140/92 365 37
Ni2 19 Female 3 61 48 42 70 89 9/86 136/105 36.6 36.8
N13 20 Male 3 78 68 41 69 87 20/90 148/110 363 37.2
N14 20 Female 4 60 73 42 7 88 9/86 150/106 36.5 37.0
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Time-windows

Initial stage
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Heart rate

Mean

142.43
171.29
188.43

Standard deviation

2.10
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2.03
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Tai Chi (N = 25) Control (N = 25)

No. Age Sex Subject Number of months of TC practice(m) Age Sex Subject

1 24 Female Economics 18 21 Male Engineering
2 23 Female Economics 6 21 Male Engineering
3 22 Male Engineering 6 21 Male Engineering
4 20 Male Engineering 6 21 Male Engineering
5 20 Male Engineering 6 22 Female Engineering
6 20 Male Philosophy 6 23 Male Education
7 21 Male Science 6 22 Male Arts

8 21 Male Science 6 22 Female Arts

g 21 Male Science 6 22 Male Arts

10 23 Male Literature 6 22 Male Law

11 21 Male Literature 6 22 Male Law

12 21 Female Management 6 22 Male Law

13 23 Male Management 6 21 Female Law

14 22 Male Management 6 21 Male Management
15 21 Male Engineering 18 22 Male Management
16 22 Male Engineering 18 21 Male Management
17 20 Male Engineering 18 22 Male Management
18 22 Male Law 6 21 Male Science
19 22 Male Law 6 21 Male Agriculture
20 21 Female Philosophy 6 22 Male Agriculture
21 20 Female Philosophy 6 21 Male Philosophy
22 20 Female Philosophy 6 22 Male Literature
23 20 Female Education 6 22 Female Literature
24 20 Female Education 6 22 Female Literature
25 20 Male Education 6 21 Female Literature

21.20 £1.190 17M/8F 21.6 £ 0.577 19M/6F
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ID Age (years)  Height (cm)  Sex (m/f) Walking speed (m/s) Mean step length (m) Mean step width (m) ML accuracy (cm) AP accuracy (cm)

Nw ™ Nw ™ Nw ™

05 30 188 m 0.95 0.95 0.6 0.51 0.1 0.3 na na
06 26 173 m 0.9 0.9 0.6 0.41 0.1 0.2 na na
08 36 172 m 1.32 1.2 0.7 0.56 0.12 0.2 na na
09 31 169 1.01 1 0.57 0.41 0.15 0.2 na na
10 27 173 1.45 1 0.7 0.4 0.1 0.2 na na
11 48 175 1 0.8 0.59 0.36 0.08 0.16 na na
12 25 185 m 1.2 1.1 0.6 0.45 0.1 0.2 na na
13 28 159 0.9 0.9 0.5 0.4 0.08 0.18 na na
15 25 160 12 1.1 0.64 0.4 0.1 0.2 0.01 8.4
16 31 167 0.9 0.8 0.5 0.41 0.15 0.2 na na
17 29 166 1.1 1.1 0.6 0.4 0.12 0.16 na na
18 26 171 1.2 1 0.65 0.4 0.14 0.2 na na
19 32 161 1 0.9 0.6 0.4 0.02 0.13 na na
20 21 166 0.95 0.7 0.6 0.4 0.13 0.25 -0.5 6.7
21 32 168 m 0.95 0.9 0.58 0.41 0.13 0.23 -0.4 6.5
22 26 176 m 1.1 1 0.67 0.4 0.1 0.17 -0.6 7
23 31 150 0.8 0.7 0.51 0.42 0.13 0.2 0.2 5.1
24 29 174 m 1 0.9 0.54 0.4 0.13 0.19 0.2 8.4
25 27 173 m 1 0.9 0.58 0.4 0.1 0.19 -0.8 5.7
26 34 178 m 1.3 1.1 0.71 0.4 0.14 0.2 0.1 5.6
27 26 160 m 0.85 0.8 0.5 0.41 0.23 0.26 0.08 5.7
28 27 170 f 1,25 1 0.65 0.4 0.14 0.19 0.07 9.2
29 32 162 f 1 0.9 0.55 0.4 0.16 0.24 0.6 6
30 23 170 f 1 0.9 0.62 0.4 0.14 0.25 0.3 5.6
Median 28.5 170 1.0 0.9 0.6 0.4 0.12 0.2 0.08 6.3
IQR 55 9.5 0.25 0.1 0.1 0.01 0.04 0.04 0.7 2.1
Stats p <0.001 p <0.001 p <0.001

m, male; f, female; NW, Normal walking; TW, Target walking; ML, medio-lateral; AP, anterio-posterior; na, not available; IQR, interquartile range; Stats, Statistics; paired wilcoxon test.
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ID Age Height Sex Walking Meanstep Mean ML AP AIS Levelof Time Typeof  Total LEMS score  Max MEP Mean Walking

(y) (cm) (m/f) speed length step accuracy accuracy injury since Injury sensory (right TA) SCIM  aids
(m/s) (m) width (m) (cm) (cm) injury (y) score (right) (max 8)
NW TW NW TW NW TW R L

01 79 170 m 035 03 024 035 017 016 -15 4 D L3 24 Traumatic 50 20 2 0.23 na Yes
02 42 173 m 04 04 033 034 013 0.16 na na D C3 1 Degenerative 90 25 25 0.9 5 No
03 65 175 m 12 1 058 045 009 018 -02 Vit D C4 1 Traumatic 112 25 25 0.43 6 No
04 57 176 m 08 08 052 039 009 016 -17 6.7 D T4 03  Traumatic 71 25 25 0.39 7 No
06 36 180 m 08 08 053 043 017 019  -027 6 D T7 5 Traumatic 112 25 25 0.05 5 No
07 69 167 f 06 06 036 040 019 02 -05 6.1 D cs 6 Traumatic 102 23 23 0.09 3 No
09 48 182 m 09 08 058 040 015 017 -3 115 D L3 18 Traumatic 100 24 24 0.94 7 No
10 58 163 f 08 06 054 041 014 018 -0.7 7.9 D T4 2 Toxic 80 25 25 0.13 1 Yes
11 58 170 f 1 1 061 04 011 0.16 -1.3 9 D T7 11 Degenerative 112 25 25 0.63 8 No
13 70 170 m 08 07 052 041 015 02 -24 7.6 D T4 7 Tumor 112 25 25 0.38 4 No
14 66 170 m 08 07 044 039 015 016 -0.9 5.5 D T3 14 Tumor 76 25 25 0.12 8 No
15 67 177 m 055 06 055 043 009 017 -17 1 D L1 8 Tumor 94 19 16 031 6 Yes
16 54 184 m 07 06 055 04 014 016 -0.8 5.4 D T12 6 Traumatic 90 25 25 0.2 5 No
Median 58 173 08 07 053 04 014 017 -11 6.4 6 94 25 25 031 5.5
IQR 13 7.8 02 02 014 003 005 002 11 24 10 33 1.25 1.25 0.35 25
Stats p=002 p=0006  p <0001

¥, years; m, male; f, female; NW, Normal walking; TW, Target walking; ML, medio-lateral; AP, anterio-posterior; AIS, American Spinal Injury Association (ASIA) impairment scale; LEMS, Lower extremities motor score; R, right; L, left; MEP, motor
evoked potential; SCIM, spinal cord independence measure; na, not available; IQR, interquartile range; Stats, Statistics; paired wilcoxon test.
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