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Chapter 1:  General introduction 

 

Understanding locomotor responses after neurological lesions is fundamental to explore 

the essence of flexible adaptation of the nervous system and to develop innovative 

neurological rehabilitation. In particular, spinal cord injury (SCI) is an important research 

target for this understanding in terms of the disruption of communication between 

supraspinal centers and spinal circuit. The central nervous system (CNS) controls 

numerous muscles and joints using common motor commands and produces coordinated 

joint movement. However, no evaluation measure that focuses on coordinated movement 

has been tested so far. In clinical environment, a clinician determines the affected 

segments of the spinal cord by an examination of myotomes (International Standards for 

Neurological Classification of Spinal Cord Injury; ISNCSCI) (Kirshblum et al., 2011), 

that is, key muscle function strength corresponding to each segment (but not coordination 

of movement) is just simply examined (Table 1-1). 
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Table 1-1. Key muscle function corresponding to each segment of the spinal cord 

  

 

On the other hand, several kinematic studies have investigated the relationship between 

changes in superficial parameters such as stride length and joint angles during locomotion 

and neuropathology of the spinal cord in animal model; however, little is known about 

altered coordinated movement that underlies the generation of such gait parameters. 

Therefore, the author investigated the gait disturbance that occurs after SCI from the 

perspective of CNS as a gait controller. In this chapter, the author first summarizes how 

the CNS controls the redundant musculoskeletal systems during locomotion, then how 

locomotor output patterns are affected by CNS lesions. The purpose of the present 

dissertation was also described. In the following Chapter 2, the author investigated the 

differences in locomotor output patterns from CNS in mice with varying degrees of injury 

to obtain proof of the analysis. In order to verify whether the analysis method is adaptable 

to humans in the future, Chapter 3 describes the plastic change of locomotor output 

patterns after SCI in non-human primates, common marmosets. The overall conclusion 



3 

and future prospect of the present study are mentioned in Chapter 4. 

 

1.1. Modular structures controlling redundancy in the musculoskeletal system 

Terrestrial locomotion in animals has evolved in widely different designs adapted the 

habitat of each species (Grillner, 1981). The number of limbs (bipedal vs. quadrupedal), 

limb length, shape, and mass of limbs may differ, resulting in different locomotion styles. 

Nevertheless, it is believed that there is a common principle of organization that underlie 

the diversity of locomotor styles across species (Catavitello et al., 2018). With regard to 

neuromuscular control, musculoskeletal systems are composed of numerous muscles and 

joints, and it is necessary to provide control commands to all of them to walk according 

to the environment (Figure 1-1) (Aoi and Funato, 2016).  

 

 

Figure 1-1. Musculoskeletal models of bipedal (left) and quadrupedal (right) 

locomotion 

The main lower limb muscles, joints, and segments of the redundant musculoskeletal system 

manipulated during locomotion are shown. Red and yellow lines indicate one-joint muscles and two-

joint muscles, respectively (modified from Aoi and Funato (2016)). 
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Hence, animals generate the common motor command to coordinate multiple muscles or 

joint, rather than generating individual movement commands separately. Thus, by 

acquiring coordination, animals are able to reduce the number of degrees of freedom that 

need to be controlled. For example, when thigh, shank, and foot elevation angles are 

plotted against each other, it is known that the angular data covary to form a regular loop 

(i.e., gait loop) over a plane (Figure 1-2A) (Borghese et al., 1996; Ivanenko et al., 2007). 

In other words, the three motions of the hip, knee, and ankle joints have intralimb 

coordination that changes together while maintaining a linear relationship during 

locomotion. This gait loop feature is found not only in humans but also in other mammals 

such as cats (Poppele et al., 2002) and monkeys (Figure 1-2B) (Courtine et al., 2005), 

suggesting that this is a common mechanism inherent in the joint movements that form 

locomotion. 

 



5 

 

Figure 1-2. Pattern of intersegmental coordination in human (A) and monkey (B) 

The waveforms of the thigh, shank, and foot elevation angles are plotted versus the normalized gait 

cycle (upper). The 3-dimensional (3-D) gait loops obtained by plotting each elevation angle in the 

upper row versus each other are shown (lower). The grids identify the best-fitting planes. Gait loops 

progress in time in the counterclockwise direction, the beginnings of the stance phase and the swing 

phase corresponding approximately to the top and bottom of the loops, respectively (modified from 

Ivanenko et al. (2007) and Courtine et al. (2005)). 

 

Such cooperative structures are found not only in joint motion but also in muscle activity. 

From statistical analyses such as principal component analysis (PCA) and non-negative 

matrix factorization (NMF) of measured electromyographic (EMG) data during 
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locomotion, despite complicated spatiotemporal properties, muscle activity can be 

explained by a low dimensional spatiotemporal structure. Ivanenko et al. (2004) 

examined the EMG data of 25 muscles recorded during human locomotion and reported 

that they could be explained by a combination of just five basic activation patterns (Figure 

1-3). 

 

 

Figure 1-3. Schematic model of basic activation patterns 

Basic activation patterns were extracted from muscle activities as weights and waveforms by using 

NMF. Each weight was represented as an activation balance profile across muscles (muscle 1-25) and 

activated, through multiplication, by a corresponding waveform. The waveforms resulting from the 

activations of individual patterns were then summed together to reconstruct the recorded muscle 

activities (black lines in the right column). More than 90% of muscle activities can be reconstructed 

by combining five basic activation patterns during human locomotion, but only three of them are 

shown here to simplify the illustration (modified from Aoi et al. (2019) and Cheung et al. (2012)). 
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As mentioned above, it has become known that there are cooperative structures in muscle 

activity (Aoi et al., 2019), joint movement (Stetter et al., 2020), and interlimb 

coordination (Ivanenko et al., 2007) during locomotion, and therefore many studies have 

been conducted to search for modular structures that produce coordinated movement in 

the CNS (Orlovskiĭ et al., 1999). For example, a circuit called the Unit Burst Generator 

in the spinal cord, which has a structure that binds multiple motor neurons, has been 

shown by stimulation and impairment experiments on the nervous systems of various 

animals (Grillner, 1981). On the other hand, little work has been completed on 

characterizing the modular structures in humans (Ivanenko et al., 2013). 

 

1.2. Altered locomotor patterns in central lesions 

CNS lesions may essentially affect central controllers and thus provide some insights into 

the spatiotemporal organization in patients, which are useful to improve our 

understanding of modular structures in humans. In particular, if the modular structures 

are indeed mechanisms that realizes task-level biomechanical goals, then any impairment 

in the neural control of such modular structures would be expected to result in impaired 

biomechanical output (Cheung et al., 2009; Clark et al., 2010; Ivanenko et al., 2009). 

Furthermore, lesion at different level could differentially affect locomotor control. 

Therefore, examining the locomotor adaptation after damage to different locations, such 

as the cerebral cortex and spinal cord, will help us to better understand the modular 

structure. 

Many previous studies have suggested that the spinal modular structure plays an 

important role in generating gait patterns (Aoi and Funato, 2016; Dewolf et al., 2018; 

Funato et al., 2010; Grasso et al., 2004; Ivanenko et al., 2013). The spinal module interacts 
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with inputs from the periphery and from descending pathways, and initiate and organize 

hindlimb locomotion. Therefore, lesion at different level could differentially affect 

locomotor control. That is, examining the locomotor adaptation after damage to different 

locations, such as the cerebral cortex, as well as the spinal cord, can help us to better 

understand the modular structure. 

 

1.2.1. Modular structure in supraspinal injury patients 

There are many reports that locomotor deficits after stroke are often associated with 

abnormal spatiotemporal patterns of muscle coordination (De Quervain et al., 1996; Den 

Otter et al., 2007; Knutsson and Richards, 1979; Mulroy et al., 2003). Furthermore, it has 

been suggested that impaired locomotor coordination in post-stroke may be accompanied 

by not only changes in output pattern of modules, but also by a decrease in the number of 

modules (Clark et al., 2010; Safavynia et al., 2011). For example, Clark et al. (2010) 

showed that a less complex muscle coordination pattern in stroke patients. The number 

of modules in post-stroke patients was reduced, as each module was integrated, which 

had been observed in healthy subjects (Figure 1-4). This suggests that the independence 

of neural control signals is reduced. Similar conclusions have been reached in recent 

studies on upper limb control (Cheung et al., 2009; Cheung et al., 2012). However, in 

another study, Gizzi et al. (2011) claimed that muscle module numbers are maintained 

during locomotion in subacute stroke patients. Such discrepancies could be explained by 

different sets of recorded muscles or by different patient populations. 
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Figure 1-4. Number of modules to reconstruct muscle activity during locomotion 

Four modules were needed to reconstruct unilateral lower muscle activity recorded from 8 muscles 

during locomotion in the majority of healthy control. For the paretic leg of stroke patients, the number 

of modules required was reduced (modified from Clark et al. (2010)). 

 

1.2.2. Modular structure in spinal cord injury patients 

Kinematics analysis has often been used to quantify in detail the gait disturbances in 

patients with SCI. For example, remarkable differences in the position of the knee and 

ankle in the sagittal plane were observed between patients with incomplete SCI and 

healthy subjects (Gil-Agudo et al., 2011). Other reports have suggested injury-induced 

module changes, such as high gait variability, pronounced flexion posture, and altered 

distal joint control (Grasso et al., 2004; Lunenburger et al., 2006; McKay et al., 2011). It 

is also known that intersegmental (thigh, shank, and foot) coordination is impaired in both 

stroke and SCI, suggesting that this coordination is regulated by the CNS, not a simple 

consequence of biomechanics (Figure 1-5) (see Chapter 3 in detail). 
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Figure 1-5. Patterns of intersegmental kinematic coordination 

The data of healthy subject are shown in A and the data of two SCI patients are shown in B and C. The 

mean (± SD) waveforms of the elevation angles of thigh, shank and foot are plotted versus the 

normalized gait cycle. The inset in each panel shows corresponding gait loops and best-fitting planes. 

The planes to the gait loops changed with elevation angles of segments, suggesting that intersegmental 

coordination was impaired by SCI (modified from Grasso et al. (2004)). 

 

In addition to kinematic analysis, surface EMG can provide additional 

information on motor control deficits. In a study of gait training with body-weight support 

in SCI patients, relatively mild patients could regain near-normal kinematics. However, 

the activation pattern of the muscles used to generate this kinematics was very different 

from that of healthy subjects (Figure 1-6) (Grasso et al., 2004; Pepin et al., 2003b). 

 



11 

 

Figure 1-6. Kinematics and surface EMG during locomotion 

Joint angles and surface EMG of 15 muscles plotted versus the normalized gait cycle for healthy 

subjects (left) and gait trained SCI patients (right). Although kinematics of the trained patients was 

similar to those of healthy subjects, EMG was extremely different (modified from Grasso et al. (2004)). 
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Thus, human studies have shown that kinematics and muscle activation, which 

represent as outputs from the CNS, are affected by stroke and SCI and change their 

patterns. Furthermore, statistical processing of these output patterns suggests that the 

number of modular structures is reduced or integrated with CNS damage. 

 

1.3. Limitation in human locomotor study 

Biomechanical aspects of human locomotion have been documented in many studies in 

normal gait and pathological gait after SCI. Furthermore, several studies explored the 

modular structures that generate coordinated kinematics and muscle activation by 

decomposing them (Bizzi and Cheung, 2013; Davis and Vaughan, 1993; Ivanenko et al., 

2006). These findings are discussed in a general context of module structure of the 

locomotor program and compensatory gait mechanisms and are helpful to the 

development of improved rehabilitation strategies (Ivanenko et al., 2013). 

However, human SCI studies are limited in their ability to improve our 

understanding of modular structures for locomotion for the following reasons. First, 

detailed human spinal cord pathology cannot be inferred in clinical trials. In human SCI, 

multiple pathways are severed simultaneously by an external force. Therefore, the spared 

descending pathways from the supraspinal structures play an active role for locomotion. 

Figure 1-7 summarizes the location of the main descending pathways in the mouse spinal 

cord (Holstege and Kuypers, 1987; Petras, 1967; Rossignol and Frigon, 2011) that may 

be damaged after SCI. For example, pontine reticulospinal and vestibulospinal pathways 

located at ventral side may be critical in initiating locomotion and postural control (Jordan, 

1991). Corticospinal and rubrospinal pathways located at dorsal side are important for 

volitional and goal-directed aspects of locomotion, as well as fine control of the distal 
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musculature (Liddell and Phillips, 1944). Although techniques to detect the lesion extent 

by conventional magnetic resonance imaging (MRI) and the fiber tract by diffusion tensor 

imaging (DTI) have been developed, the resolution of these techniques may be 

insufficient to assess some trauma-induced changes in vivo (Freund et al., 2019). Besides, 

many of these studies compare clinical, functional scores with locomotor kinematics, and 

it is unclear how they reflect the actual pathology. Furthermore, in human SCI studies, it 

is difficult to compare neuropathology and gait output patterns under the same conditions 

(facility, location of injury, and time onset after SCI). To overcome these limitations, 

cross-sectional studies in animal models to compare neuropathology and locomotor 

patterns will help to complement these findings. 

 

 

Figure 1-7. Descending pathways in the spinal cord of a mouse 

Schematic representation of the main descending tracts in a coronal section of the spinal cord in a 

mouse. Each color indicates the location of a pathway that projects from an anatomically different 

region to the spinal cord (Modified from Roussel et al. (2020)). 



14 

 

Second, since most human SCI is caused by accidents or falls, individual 

differences in the location and extent of injury occur, resulting in different neuroplasticity 

and behavioral changes. There is a growing consensus that recovery largely depends on 

plasticity phenomena induced by the lesion, such as modified synaptic strengths and 

sprouting of spared pathways (Figure 1-8) (Barbeau et al., 1999; Calancie et al., 2002; 

Calancie et al., 1994; Dobkin, 2000; Harkema et al., 1997; Raineteau and Schwab, 2001; 

Wernig et al., 1995). Therefore, different damages could induce different changes in the 

module structure. Indeed, experimental studies performed on SCI patients have 

demonstrated distinct adaptations (Goldberg and Neptune, 2007; Grasso et al., 2004; 

Ivanenko et al., 2009). Therefore, to define the relationship between the plasticity of the 

modular structure and the output gait pattern after SCI, longitudinal studies under the 

same conditions such as partial transection (hemisection) model using animal 

experiments are becoming more critical. 
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Figure 1-8. Plasticity phenomena induced by SCI 

Injuries to the CNS of traumatic etiology typically damage certain axonal pathways but spare parallel 

pathways (left). Recovery and repair can be supported by plasticity phenomena. Uninjured and injured 

fibers that are rostral and caudal to the injury can sprout to form new connections (middle), or plastic 

changes of presynaptic and postsynaptic connections throughout the nervous system (right) (modified 

from Schwab and Strittmatter (2014)). 

 

1.4. Difference in rodent, non-human primate, and human for locomotion after SCI 

Although human studies have limitations and need to be validated by studies using animal 

models, it may be difficult to directly apply the results in animal models to humans. For 

example, several promising of therapies have been developed in rodents to restore gait 
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function and reached the clinical trial stage, but outcomes often fall short of expectations 

(Cote et al., 2017). This discrepancy may be due to differences in the mechanisms of gait 

control between rodents and humans. So far, a common gait control system across species 

has been described, but the differences between them need to be considered. In particular, 

differences in the dependence on supraspinal input after injury may be an important factor. 

Despite the smaller size of CNS in rodents, their spinal cord accounts for 30% of the CNS 

weight, compared to only 3% in humans (Swanson, 1995). Overall, the spinal cord in 

rodents may actually have more computing power than in humans. Furthermore, 

locomotor training improves the recovery of stepping movements in mice (Fong et al., 

2005) and rat model (Cha et al., 2007; Timoszyk et al., 2005) after complete transections, 

but motor complete SCI patients, despite similarly intensive treadmill training (Dietz et 

al., 2002). On the other hand, it has been suggested that primates may be more similar to 

humans than rats in the degree of recovery of motor gait function in cervical hemisection 

model (Friedli et al., 2015). Inconsistencies in results obtained between rodents and non-

human primates or humans suggest that it is more beneficial to conduct studies in non-

human primates, bridging the gap in knowledge between them. Overall, when considering 

human applications, it may be necessary to verify whether the concept of gait control 

validated in rodents is also valid in primates. 

 

1.5. Purpose of the Dissertation 

In this dissertation, the author examined the relationship between locomotor output 

pattern and neuropathology by using the SCI animal models in order to discuss the 

underlying modular structure.  

A large number of kinematic data were needed for studies of animal locomotion, 
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and traditional kinematic analyses using reflective markers attached on animals’ skin have 

been used for evaluating locomotor deficits; however, this marker-based approach has 

some issues to consider in both recording and analysis. The attached markers are 

potentially distracting to animals (Perez-Escudero et al., 2014), and the marker positions 

are often manually digitized afterward, which is a labor-intensive and time-consuming 

procedure. These situations constrain the number of groups, animals, and evaluations that 

can be included within the experimental plan. Therefore, the author adapted the motion 

capture method using deep learning to analyze the locomotion of SCI animals and 

demonstrated that the method could accurately evaluate locomotor deficits caused by SCI 

(Figure 1-9) (Sato et al., in Press-b). This made it possible to analyze a large number of 

samples. 

 

 

Figure 1-9. Deep learning based kinematics in intact and SCI mice 

PCA was applied to 30 kinematic parameters, which were quantified by using a trained deep neural 

network distinguished gait patterns underlying locomotion between intact (blue dots, n = 9) and SCI 

(orange dots, n = 16) mice (A). The principal component 1 (PC1) scores were significantly different 

between intact and SCI mice. *p < 0.001; ns, not significant, Welch’s t-test (B) (modified from Sato 
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et al. (in Press-b)). 

 

By using these deep learning based kinematics, the author has demonstrated 

cross-sectional analysis of a large number of SCI mice and longitudinal analysis of 

marmosets with a uniform degree of damage due to partial transection. In Chapter 2, the 

author examined the differences in locomotor output patterns cross-sectionally in SCI 

mice with varying degrees of injury and tested whether there was a relationship between 

neuropathology and compensatory locomotor patterns. However, it is known that not only 

locomotor diversity depends on the degree of damage but also that there is a plastic 

change over time after injury in the modular structure (Ivanenko et al., 2003). Therefore, 

in Chapter 3, the author examined the plastic change of intersegmental coordination by 

assessing the gait loops longitudinally in marmosets with the same degree of damage and 

tested how the locomotor output changed over time after SCI. Finally, in Chapter 4, the 

author expresses a perspective on the contribution of this dissertation to the scientific and 

technological breakthroughs in the field of neurofeedback by summarizing the findings 

of the two aforementioned studies.  
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Chapter 2:  Functional reorganization of locomotor kinematic 

synergies reflects the neuropathology in a mouse model of 

spinal cord injury 

 

*This chapter was based on the following author’s original article: 

“Sato, Y., Kondo, T., Shibata, R., Nakamura, M., Okano, H., Ushiba, J., in Press-a. 

Functional reorganization of locomotor kinematic synergies reflects the neuropathology 

in a mouse model of spinal cord injury. Neuroscience Research” The author has a right to 

use this dissertation. 

 

2.1. Introduction 

SCI disrupts communication between supraspinal centers and lumbosacral spinal circuits, 

causing a range of walking disabilities. Patients with SCI generally have some 

preservation of walking ability (Squair et al., 2021). However, they rarely achieve a 

similar level of gait function as unaffected people and have approximately twice the risk 

of falling as healthy older people (Brotherton et al., 2007). Thus, although there may be 

different gait control system in SCI patients than in healthy individuals (Rossignol and 

Frigon, 2011), these are not yet well understood. 

 Humans and animals engage in adaptive walking by controlling redundant 

musculoskeletal system composed of numerous muscles and mechanical degrees of 

freedom. Previous physiological studies in humans and animals have shown that the CNS 

organizes these redundant systems by generating the common motor command to 

coordinate multiple muscles or joints (Aoi and Funato, 2016; Bizzi et al., 1991; Cappellini 

et al., 2006; Grillner, 1981; Ivanenko et al., 2008; Latash, 1999). This coordinated pattern 
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of muscle activities or joint angle movements can be extracted as common components 

using dimensionality reduction techniques, such as PCA (Catavitello et al., 2018; 

Courtine et al., 2005; Stetter et al., 2020) or NMF (Cheung et al., 2012; Chvatal et al., 

2011; Clark et al., 2010; Martino et al., 2019).  

To characterize kinematic coordination patterns, PCA is performed on a 

kinematic data set and decomposes a complex kinematic pattern into main kinematic 

synergies (Daffertshofer et al., 2004; Lamoth et al., 2009; Stetter et al., 2020; Wang et al., 

2013). For example, previous studies of multisegmental coordination during walking 

using PCA revealed that the first 3-5 components are sufficient to describe the walking 

pattern’s major features (Courtine and Schieppati, 2004; Daffertshofer et al., 2004; 

Lamoth et al., 2009; Wang et al., 2013). An investigation of the basic coordination 

patterns for different locomotor tasks showed that invariant coordination patterns were 

found while performing different tasks such as straight-line walking and walking turns 

(Courtine and Schieppati, 2004), or walking and running (Lamoth et al., 2009). 

Furthermore, turn-dependent coordination pattern adjustments were observed depending 

on the turn direction (Courtine and Schieppati, 2004). Conversely, patients with SCI can 

only adjust speed within a limited range and cannot increase stride length (Pepin et al., 

2003a), which may reflect disorder in the modular structure that generates the kinematic 

coordination pattern. However, it is unclear whether the original coordination patterns are 

preserved, or new coordination patterns are acquired, and whether these compensatory 

gait strategies depend on their pathophysiological background. 

Therefore, the main objective of the study in this chapter is to investigate SCI-

induced changes in kinematic synergies. For this purpose, the author recorded kinematic 

data from intact and SCI mice walking on a treadmill. the author then applied PCA to 
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extract kinematic synergies from the integrated data. Next, the author classified the 

kinematic synergies of SCI mice by applying a hierarchical cluster analysis on the 

extracted synergy components. Finally, the degree of spared tissue at the lesion epicenter 

of the spinal cord in each group was compared to verify if the differences in kinematic 

synergies reflect the underlying SCI neuropathology.  

 

2.2. Material and Methods 

2.2.1. Animals 

The current study used female C57B16/J mice (8 weeks old, 18-20 g, n = 30) because 

bladder expression is easier, and complication risk is reduced compared with male mice. 

The animals were housed in a 12:12h light/dark photoperiod and food and water were 

available ad libitum. All the animal procedures were approved by the ethics committee of 

Keio University (Number: 13020) and were conducted according to the guidelines of the 

National Institutes of Health. 

 

2.2.2. Experimental procedure 

Mice were anesthetized by intramuscular injection of ketamine (100 mg/kg) and xylazine 

(10 mg/kg). The skin over the back was shaved and disinfected with 70% alcohol. Skin 

and superficial back muscle were cut and retracted from each side between T8–T12. Then, 

laminectomy was performed between T9–T11, and spinal contusion injuries were 

produced at T10 using an Infinite Horizon impactor (Precision Systems and 

Instrumentation, Fairfax Station, VA) with 70 kdyn. All efforts were made to minimize 

animal suffering. 
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2.2.3. Kinematics Recording 

Mice were briefly anesthetized with isoflurane to estimate the centers of rotation of the 

joints through palpation on the skin. The shaved skin at the iliac crest, the hip joint, the 

knee joint, the ankle joint, the metatarsophalangeal (MTP) joint, and the tip of the fourth 

toe were marked with a black permanent marker pen. The mice were put in a Plexiglas 

enclosure (320×160×40 mm) placed over the treadmill belt. GoPro (GoPro, Inc., CA) 

(240 frames/s, 1,280×960 pixels), placed on the left side at approximately 120 mm from 

the treadmill, was used to record the mice walking on the treadmill for ~10 min per mouse. 

Since impairments with lateral movements, such as a circumduction gait, are rarely 

apparent after the injury with the severity used here, the walking was recorded in the 

sagittal plane (Alluin et al., 2011; Leblond et al., 2003). Indeed, the walking was visually 

observed while recording and confirmed that such impaired gait was not generated. Since 

the GoPro is equipped with a fisheye lens that causes image distortion, “Lens Distortion” 

(curvature = -31) was applied to the recorded videos in Premiere Pro (Adobe, Inc., CA). 

To determine the treadmill speeds which allow them to control cyclic gait, they were 

placed on the treadmill set at a speed of 3–20 cm/s (in 1 cm/s steps). The treadmill speeds 

were decided 10 and 15 cm/s in intact mice and 7 cm/s in SCI mice. Gait at 10 cm/s and 

15 cm/s in intact was used to see if the treadmill speed would alter the synergies. The 

analyzed walking cycles were manually selected based on previous studies (DiGiovanna 

et al., 2016; Fiander et al., 2017). The trials during which the mouse walked at least three 

consecutive steps were included without the first and last steps. Additionally, any steps 

other than walking, such as jumping and running, were excluded. The inclusion number 

per mouse was 16 ± 3 cycles (mean ± SD). 

Each joint was tracked using Deeplabcut, a markerless pose estimation system 
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based on transfer learning with deep neural network (Mathis et al., 2018). The standard 

DeepLabCut workflow was followed. In 1,000 training frames randomly sampled across 

all mice in each of intact and SCI, and all parts were manually labeled. Thereafter, the 

deep neural network was trained using 90% of the labeled images as training and 10% as 

testing. Training proceeded for 300,000 iterations to reach cross-entropy loss plateau. The 

NVIDIA GeForce RTX 2070 Graphics Card was used for training. The neural network 

performance was measured by computing the root-mean-squared error between the 

manual labels and those predicted by DeepLabCut. 

 

2.2.4. Kinematic synergy extraction 

MATLAB 2020a (MathWorks, Inc., MA) was used for data processing and synergy 

extraction. Since the joints were not tracked using Deeplabcut correctly in a certain 

number of frames, x- and y-coordinates were filled using linear interpolation (< 1% of 

the data). The cycle duration multiplied by the treadmill speed was added to x-coordinate 

of each body part to facilitate comparison of walking between different treadmill speeds. 

Each walking cycle was defined as a foot contact to the next foot contact and subdivided 

into the stance and swing phase by foot lift. The timing of the foot contact and foot lift 

was determined visually from the videos. All coordinates of each stance and swing phases 

were time-normalized, such that the duration of each phase was represented by 50 frames, 

and spatially normalized, such that each mean was 0 and each standard deviation (SD) 

was 1. Based on the processed data, a coordinate data set was formed for each analysis, 

in which all cycles in all mice to analyze were concatenated into one matrix. Therefore, 

the dimension of the matrices was all frames analyzed (total number of trials to analyze 

× 100 frames) × 12 (6 joints × 2D coordinates). In intact mice, the median values of 



24 

between-individual and within-individual correlation were compared using Mann-

Whitney U test to verify if it was justified to concatenate all mice data. In SCI mice, the 

concatenated data were made for each mouse to identify the mouse-specific synergies. 

Kinematic synergies consisting of spatial and temporal components were 

extracted from concatenated data as described above using PCA (Daffertshofer et al., 

2004; Lamoth et al., 2009; Stetter et al., 2020; Wang et al., 2013). PCA returned 

eigenvectors, scores, and eigenvalues. Eigenvectors formed the basis of a coordinate 

system, known as spatial component Wk, where k denotes the order of the principal 

component (PC). Moreover, Wk in intact and SCI mice were referred to as Wintact,k and 

WSCI,k, respectively. WSCI,k was extracted from each SCI mouse, and reversed (the sign of 

the loading was changed) whenever necessary so that they had the same orientation as 

Wintact,k (positive dot products of Wintact,k and WSCI,k). Scores obtained by projecting the 

data onto each Wk are time series that describe the temporal information of a 

corresponding PC; they are known as temporal component Sk. The eigenvalues quantify 

the variance of each PC. 

Parallel Analysis (PA) was used to determinate the number of components to 

retain in intact mice (Franklin et al., 1995). In this procedure, eigenvalues from the data 

to be applied to PCA were compared with those from a matrix of random values (mean 

of 0, SD of 1) of the same dimensionality. The PCs of which eigenvalues were greater 

than PA eigenvalues were retained. 

For an intuitive interpretation of the synergies, principal movements were 

identified by the corresponding PCk in intact mice: 

𝑀𝑀𝑘𝑘 =  𝑃𝑃0 + 𝜎𝜎𝑆𝑆𝑘𝑘𝑊𝑊𝑘𝑘 

where Mk represents each joint position of each principal movement. P0 is a row vector 
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denoting the average posture, calculated as the mean of the concatenated data. σ is also a 

row vector and calculated as SD of each coordinate from the concatenated data before 

spatial normalized. The coordinates denoted by Mk were drawn continuously as stick 

pictures frame by frame to identify the principal movement visually. 

 

2.2.5. Hierarchical clustering 

To group the individual-specific synergies, a cluster analysis was applied based on the 

spatial components (Gracia-Ibanez et al., 2020). Since a hierarchical cluster analysis 

(grouping metric: cosine; method: complete) was used, it considers similarity through the 

angle between each eigenvector. The groups were formed in an agglomerative manner, 

starting with each observation as their own group and at every step pairing the two closest 

groups together until only one group remains. The number of subgroups was chosen based 

on visual inspection of the dendrograms. The concatenated data were made for each group 

from all mice include in each group, and PCA was applied to each data to identify group-

specific synergies categorized by the hierarchical cluster analysis. The eigenvectors 

extracted from each group were referred to WGg,k, where g denotes each group number. 

 

2.2.6. Similarity analysis 

To quantify the similarity of synergies in each group with those in intact mice according 

to spatial components, each WGg,k was modeled as a linear combination of Wintact,k: 

𝑊𝑊𝐺𝐺𝐺𝐺,𝑖𝑖  ≈  �𝑚𝑚𝑘𝑘𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑘𝑘

12

𝑘𝑘=1

, 𝑖𝑖 = 1, 2, 3 

where mk is a coefficient denoting the degree of contribution of Wintact,k to the structure of 

the ith WGg,i in the liner combination. The more similar WGg,k are to Wintact,k, the larger the 
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absolute value of the same order coefficient (e.g., m1 for k = 1 or m2 for k = 2), which is 

1 if they are the same. 

 

2.2.7. Tissue processing and analysis 

All mice were anaesthetized by intramuscular injection of ketamine (100 mg/kg) and 

xylazine (10 mg/kg) and perfused with PBS (5 ml) and 4% paraformaldehyde (5 ml) at 

30–31 days after SCI. Spinal cords containing the lesion area were dissected and post-

fixed in 4% PFA for 24 h before being cryoprotected in 30% sucrose for 48 h. Serial 

transverse sections (20 µm) were cut through the lesion area on a cryostat (Leica CM3050 

S), and every 5th section was collected and stained using hematoxylin and eosin. The 

section with the largest extent of the lesion was designated the epicenter. Sparing tissue 

was quantified and represented as a proportion to total area of the spinal cord at the lesion 

epicenter using ImageJ software version 1.53c (Ito et al., 2018; Tashiro et al., 2016). To 

verify the assumption for the homoscedasticity, Bartlett's test was applied. After 

confirming that Bartlett’s test resulted to be not significant, the degree of sparing tissue 

was compared between the groups by one-way ANOVA followed by Tukey post-hoc 

comparison. 

 

2.3. Results 

2.3.1. Kinematic synergies in intact mice 

The author recorded intact mice walking on the treadmill (7 mice: a total of 104 trials) 

and applied signal processing in x- and y-coordinates of each joint tracked using 

Deeplabcut (Figure 2-1A). Each walking cycle was subdivided into the stance and swing 

phases, followed by temporal and spatial normalization. To test if it was justified to 
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concatenate all mice data, the author compared the between-individual correlation to 

within-individual correlation. The median values of between-individual and within-

individual correlation were 0.909 [0.850–0.917] (Median [1st quartile–3rd quartile]; n = 

21, all combinations of 7 mice) and 0.927 [0.909–0.942] (n = 7), respectively, and a 

significant difference was not observed (p = 0.113; Mann-Whitney U test). Therefore, the 

author considered that the walking pattern was equivalent among mice. All cycle data 

recorded in intact mice was concatenated into a matrix to which the PCA was applied. 

The PCA eigenvalues from the data and PA eigenvalues from the corresponding 

randomized data are reported in Figure 2-1B. The author applied PA to a matrix of the 

same dimension as the data (10400 × 12) to determinate the number of components to 

retain. As a result, first three PCA eigenvalues were greater than PA eigenvalues.  

The spatial components Wintact,1–3 and the corresponding temporal components 

Sintact,1–3 extracted by intact mice data are illustrated in Figure 2-1C (left and middle, 

respectively). Moreover, based on these components, the author identified the 

corresponding principal movement (Figure 2-1C, right). PC1, since the temporal 

component increases throughout the cycle, was represented unidirectional forward 

propagation (not backward). In PC2, which represented forward-bent/backward-bent, the 

temporal component increases from the beginning of the cycle to the early swing phase, 

and conversely, decreases from the early swing phase to the end of the cycle. PC3, which 

represented upward/backward movement, shows a negative peak in the middle of each of 

the stance and swing phase. Moreover, to see how kinematic synergies  changed in 

response to environmental changes, the author compared the spatial components in mice 

walking between different treadmill speed. The dot products of spatial components in 10 

cm/s and 15 cm/s of the same PC were large (PC1, 0.98; PC2, 0.95; PC3, 0.94), suggesting 
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that these synergies were independent of walking speed. 

 

 

Figure 2-1. Kinematic synergies in intact mice 

(A) Coordinates of the six points used to construct a stick model of the hindlimb; Crest, hip, knee, 

ankle, MTP, and toe. 

(B) The eigenvalues calculated using each of principal component analysis (gray) and parallel analysis 

(brawn). The PCA eigenvalues were calculated from the concatenated data set covering all cycles 

recorded in intact mice. Note that the PA eigenvalues were almost one because the matrix used for PA 

was large (dimension, 10400 × 12). First three PCA eigenvalues were greater than PA eigenvalues. 
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(C) The spatial components Wintact,1–3 (left), the temporal components Sintact,1–3 (middle), and the stick 

models representing principal movement (right) corresponding each PC. The bars in spatial 

components indicate the weightings of x- and y-coordinates of each joint. Each temporal components 

shows mean ± SD. The dashed vertical lines indicate the time to switch the phase, this is, first half and 

second half are stance and swing phase, respectively. The principal movements were calculated based 

on Wk and Sk, and show the movement in the direction indicated by the arrow during each cycle. 

 

2.3.2. Kinematic synergies in SCI mice 

All the mice showed flaccid paralysis of the hindlimbs immediately after the SCI. 17 mice 

were able to walk stably over the treadmill belt and were recorded. Equivalent walking 

patterns in intact mice enabled to concatenate all data, however, those in SCI mice were 

different from one another. Therefore, PCA was applied to the processed data of each 

mouse to identify the mouse-specific synergies, i.e., the author performed PCA 17 times 

in total during this procedure. To investigate SCI-induced synergy change, the author 

compared the characteristics of first three spatial components among SCI mice. WSCI,1 

were similar among all SCI mice, and represent almost the same spatial components to 

intact mice. However, the characteristics of WSCI,2 and WSCI,3 differed from a mouse to 

another. Therefore, the author applied a hierarchical cluster analysis to each of WSCI,2 and 

WSCI,3. Based on each dendrogram, the author identified the number of groups in WSCI,2 

(Figure 2-2A upper) was three, and it was also three in WSCI,3 (Figure 2-2A lower). 

Interestingly, although the author applied this cluster analysis for WSCI,2 and WSCI,3, 

respectively, the individuals included each group were the same for WSCI,2 and WSCI,3 (6 

individuals in group 1; 7 individuals in group 2; 4 individuals in group 3). Therefore, the 

author applied PCA to the concatenated data of all individuals included in each group to 
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identify group-specific synergies. The WGg,1–3 in each group are illustrated in Figure 2-2B. 

WGg,1 were similar to Wintact,1 in all groups, while WGg,2 and WGg,3 showed different 

characteristics in group 2 and 3. In intact and group 1, W2 consisted mainly of the y-

coordinates of MTP, Ankle, and Knee, and W3 consisted mainly of the y-coordinates of 

Hip and Crest (Figure 2-1C left, Figure 2-2B left), but in group 2 and 3, these components 

were not separated in W2 and W3, but were present in both (Figure 2-2B middle, right). 

 

 

Figure 2-2. Kinematic synergies in SCI mice, grouped into three groups 

(A) Dendrograms based on each of WSCI,2 (upper) and WSCI,3 (lower). Distance on the y-axis and WSCI,2 

or WSCI,3 on the x-axis. The distances were calculated as cosine. The number of groups was set to three 

based on each dendrogram, and they are identified by color (blue, group 1, n = 6; orange, group 2, n 

= 7; purple, group 3, n = 4). 

(B) W1–3 extracted from the concatenated data in each group. The group colors correspond to those in 

dendrogram. WGg,1 were similar to Wintact,1 (shown in Figure 2-1C) in all groups, while WGg,2 and 
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WGg,3 showed different characteristics in group 2 and 3. 

 

To quantify the changes of these synergies from intact according to their Wk, 

vector composition was performed by modeling each WGg,i as a linear combination of the 

set of Wintact,k. In group 1, the same order coefficients mk were high in each of WG1,1–3 (> 

0.97) (Figure 2-3 upper) and the different order coefficients were low (< 0.2), suggesting 

that almost the same synergies were extracted as intact. While in group 2, although m1 

was higher in WG2,1, m2 was lower and m3 was higher in WG2,2, and m3 was lower and m2 

and m4 were higher in WG2,3. Similarly in group 3, m3 was higher than m2 in WG3,2, and m2 

was higher than m3 in WG3,3. These results suggest that the spatial components were 

intermingled in group 2 and 3, and as a result, the synergies were different from that of 

intact mice. 
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Figure 2-3. The absolute values of coefficient calculated as a liner combination 

(A) The coefficient in group 1. WG1,1, WG1,2, and WG1,3 are shown from the left, each with four bars 

representing m1-4 because the coefficients of higher order than m4 were small in most cases 
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(Supplementally Table 1). All of m1 (blue) of WG1,1, m2 (green) of WG1,2, and m3 (red) of WG1,3 were 

approximately 1, indicating that spatial components in group 1 were similar to intact. 

(B) The coefficient in group 2. Conventions are the same as in A. As in group 1, m1 of WG2,1 was 

approximately 1. In contrast, m2 of WG2,2 and m3 of WG2,3 were small and m3 of WG2,2 and m2 of WG2,3 

were large, indicating that spatial components were intermingled in WG2,2 and WG2,3. 

(C) The coefficient in group 3. Conventions are the same as in A. As in group 1 and 2, m1 of WG3,1 was 

approximately 1. In WG3,2 and WG3,3, m3 was higher than m2 and m2 was higher than m3, respectively, 

indicating that spatial components were intermingled more in WG2,2 and WG2,3 than in group 2. 

 

Since the spatial components extracted from group 1 were similar to those from 

intact mice, the author investigated if the walking impairment appeared in temporal 

components. Thus, the author applied PCA to the concatenated data of intact and group 1 

to compare the temporal components obtained by projecting the data onto the same spatial 

components. The S1-3 in each group are illustrated in Figure 2-4. A characteristic 

difference was not identified in S1. In S2 of group 1, sharply positive peak in early swing 

which was observed in intact disappeared. In S3 of group 1, negative peaks observed in 

the mid-stance and mid-swing disappeared. These results indicated that the temporal 

components changed in group 1, in which the spatial components were similar to intact 

mice. 
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Figure 2-4. The scores in intact mice and group 1 

The temporal components S1-3 (mean ± SD) in intact mice (left) and group 1 (right). Conventions are 

the same as in Figure 2-1C. No characteristic differences were observed between S1 of intact mice and 

gruop1, while S2 and S3 showed different characteristics in the waveforms. 

 

2.3.3. Morphometric analysis of SCI 

To investigate if these differences in kinematic synergies after SCI reflect underlying 

neuropathology, the author performed morphometric assessments to quantify the degree 

of sparing tissue 4 weeks after SCI. Group 1 had 48–57% tissue sparing, group 2 had 43–

51% sparing, and group 3 had 41–43% sparing (Figure 2-5). A significant difference was 

observed between groups (F (2,15) = 18.93, p < 0.001; one-way ANOVA with Tukey’s 

post-hoc), suggesting that changes in kinematic synergy after SCI depend on the degree 

of sparing tissue. Moreover, since the SCI was performed from the dorsal side, the main 
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damage was on the dorsal side, and some tissue on the ventral side escaped fibrosis. 

 

 

Figure 2-5. Spared tissue at the lesion epicenter 

(A) Representative image of each of groups with lesion traces (surrounded by yellow line). The 

figure in parentheses indicates the degrees of spared tissue in each image.  

(B) Mean (± SD) of degrees of spared tissue in each group (group 1, n = 5; group 2, n = 7; group 3, n 

= 4). Note that though the number of mice in group 1 was six, one spinal cord was not dissected due 

to technical issue. Comparisons were made with one-way ANOVA with Tukey’s post-hoc multiple 

comparisons. Significance * < 0.05, ** < 0.01, *** < 0.001. 

 

2.4. Discussion 

In the present study, the kinematic synergies were extracted by applying PCA to kinematic 

data of mice hindlimb during walking. Three synergy components were identified in 

intact mice, which represent forward propagation, forward/backward bent, and 
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upward/downward movement, respectively. The kinematic synergies in SCI mice were 

categorized into three groups using hierarchical cluster analysis based on the similarity 

of spatial components. The spatial components are different than those in intact mice in 

two groups. In the remaining group, the spatial components were similar to those of intact 

mice, but the temporal components were different. Moreover, a significant difference was 

observed between these three groups in histological damage of spinal cord. These results 

suggest the kinematic synergies of walking mice after SCI may be affected by the degree 

of damage. 

 The dimensionality reduction procedure using PCA identified first three 

synergies as spatial and temporal components, which described the essential features of 

walking in mice. The principal movements corresponding to PC1 and PC3 were forward 

propagation and upward/downward movement, respectively, which were consistent with 

previous findings in humans (Federolf et al., 2012; Stetter et al., 2020). The principal 

movements corresponding to PC2 was visually identified as forward/backward bent 

because it was extracted in quadrupedal animals; however, it may be the component 

corresponding to the limb extension and limb flexion in human walking (Federolf et al., 

2012; Ivanenko et al., 2007). Moreover, in the present study, the same spatial components 

were extracted when the mice changed the speed of their walking on a treadmill. This 

feature is consistent with the adaptability to environmental changes reported in humans 

(Lamoth et al., 2009) and monkeys (Courtine et al., 2005). These results confirm that the 

kinematic synergies extracted in mice have properties like the one extracted in previous 

studies in mice and many other different species (Catavitello et al., 2018). 

The author identified three groups of kinematic synergies by applying 

hierarchical cluster analysis to spatial components extracted in SCI mice. In group 1, the 



37 

spatial components WG1,1–3 did not change, while in group 2 and 3, mixing with different 

order components, such as Wintact,2 Wintact,3, was observed (Figure 2-3B,C). This mixture 

of different components observed in the present study is consistent with previous studies 

in SCI and stroke (Cheung et al., 2012; Ivanenko et al., 2013). These findings cause 

reduced independence of neural control signals of gait, which may affect the disability of 

adaptation to environmental change. 

A significant difference was observed between these three groups in SCI mice in 

degree of spared tissue at the lesion epicenter by histological assessment. Although 

previous studies in SCI and stroke patients reported that distinct synergy patterns 

represent depending on the clinical severity (Barroso et al., 2015; Clark et al., 2010), it 

has not been investigated whether those patterns reflect structural damage of CNS. The 

modules, which are present in spinal cord, generate accurate walking pattern by 

integrating sensory input from limbs and motor command from brain (Poppele et al., 

2002; Rossignol and Frigon, 2011). In this study, the spinal cord was injured from the 

dorsal side by IH impactor, and the spinal damage was mainly to dorsal column, where 

exists corticospinal tract (CST) and ascending pathways that transmit sensory information 

to the brain (Rossignol and Frigon, 2011). Therefore, the difference in the degree of 

damage between groups may reflect the difference in the degree of damage in the lateral 

and ventral funiculus, where exists the motor descending pathways, such as the 

rubrospinal and reticulospinal tracts (Rossignol and Frigon, 2011). In fact, group 2 and 3, 

severe groups, damaged descending tracts might affect the change in kinematic synergies. 

In conclusion, the author showed that differences in kinematic synergies can be 

a pathophysiological indicator for SCI. Characterization of neuropathology of spinal cord 

might be crucial for the design and execution of clinical trials and for most appropriate 
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use of rehabilitation therapies (Freund et al., 2013), and these findings will be helpful for 

developing more effective rehabilitation and other treatment methods. 
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Chapter 3:  Preserved Intersegmental Coordination of 

Locomotion in Spinal Cord Injury Common Marmosets 

 

*This chapter was based on the following author’s original article: 

“Sato, Y., Kondo, T., Uchida, A., Sato, K., Yoshino-Saito, K., Nakamura, M., Okano, H., 

Ushiba, J., Preserved intersegmental coordination during locomotion after cervical spinal 

cord injury in common marmosets. Behavioural Brain Research 425, 113816 (9 pages).” 

 

3.1. Introduction 

In primates and humans, despite the regenerative failure of severed axons after SCI, 

partial lesions of the spinal cord are accompanied by some recovery of locomotor function 

(Curt et al., 2008; Friedli et al., 2015; Squair et al., 2021). However, they rarely achieve 

a similar level of gait function as unaffected people (Brotherton et al., 2007). Thus, 

patients with SCI may have locomotor control systems that are different from those of 

healthy individuals (Rossignol and Frigon, 2011), but these are not yet well understood. 

There is a growing consensus that locomotor recovery depends on plasticity 

induced by the SCI (Friedli et al., 2015; Raineteau and Schwab, 2001; Willenberg and 

Steward, 2015). Plasticity of the descending pathways may involve regeneration of the 

damaged pathways and sprouting of undamaged pathways. This results in formation of 

new intrinsic spinal circuitry through new anatomical connections (new circuits) and 

strengthening of synaptic connectivity (enhancement of existing circuits) (Rossignol and 

Frigon, 2011). Examining how the locomotor output patterns change may be helpful in 

considering improved rehabilitation strategies (Ivanenko et al., 2013). Previous studies 

showed the locomotor patterns in SCI patients at thoracic spinal cord with body-weight 
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support treadmill have been found to be different from those of healthy individuals 

(Grasso et al., 2004), suggesting that the output locomotor patterns from the intrinsic 

spinal circuitry change over time due to neuroplasticity after SCI. However, it is not clear 

when and how the locomotor patterns change. 

Kinematics analysis of the locomotor patterns can measure changes in the 

trajectory and joint angle (Battistuzzo et al., 2016; Shah et al., 2012). Additionally, it is 

important to validate intersegmental coordination. Intersegmental coordination is 

associated with the elevation angle of thigh, shank, and foot (Courtine et al., 2005; Grasso 

et al., 2004; Puentes et al., 2018a). When plotted against each other, human thigh, shank, 

and foot elevation angles covary to form a regular loop (i.e., gait loop) over a plane 

(Borghese et al., 1996). This planar law is thought to be responsible for the maintenance 

of dynamic equilibrium and adjustment of movement in response to environmental 

changes (Maclellan and McFadyen, 2010). This planar law is observed not only in 

humans but also in other mammals (Catavitello et al., 2018), such as dog (Catavitello et 

al., 2015), cats (Bosco et al., 2003) and monkeys (Courtine et al., 2005). The planar 

covariation is considered to be a common characteristic of intersegmental coordination 

controlled by CNS. Patients with  stroke (Bleyenheuft et al., 2009; Chow and Stokic, 

2015; Puentes et al., 2018b) or spinal disease (Grasso et al., 2004; Puentes et al., 2018a) 

often lack the planar covariation, but this showed improvements after rehabilitation. 

Furthermore, whether the planar covariation improves or not seems to be affected by the 

severity (Grasso et al., 2004). However, it is unclear how this planarity is impaired by 

lesion and how it recovers. Therefore, it is important to investigate the temporal changes 

in planarity. 

In this study, the author analyzed the output of the locomotor pattern in a small 
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non-human primate, the common marmoset. The marmoset has received considerable 

attention in the fields of neuroscience and motor control because of its human-like CNS 

(Matsuzaki and Ebina, 2020; Okano, 2021; Prins et al., 2017). By following the walking 

ability from before injury to 12 weeks after unilateral hemisection at left cervical cord, 

the author investigates the temporal changes in basic kinematic parameters and 

intersegmental coordination over time. 

 

3.2. Material and Methods 

3.2.1. Animals 

The current study used adult common marmosets (Callithrix jacchus; body weight, 300–

400 g; n = 4). The animals were housed under a 12-h light/dark photoperiod, with food 

and water available ad libitum. All the animal experiments were approved by the Animal 

Research Committee of Keio University (approval number: 11006) and were conducted 

according to the guidelines of the National Institutes of Health. 

 

3.2.2. Experimental procedures 

Marmosets were anesthetized using an intramuscular injection of ketamine (30 mg/kg), 

xylazine (2.5 mg/kg), and atropine sulfate (0.05 mg/kg). Anesthesia was maintained by 

administering 1–1.5% isoflurane. Body temperature and oxygen saturation levels were 

monitored. After a laminectomy at the C3 or C4 level, the dura mater was incised 

longitudinally, and the left side of the spinal cord was cut at the C3/C4 or C4/C5 segment 

using a surgical blade. Efforts were made to minimize animal suffering. For 1 week after 

the operation, ampicillin (100 mg/kg) and butorphanol (0.015 mg/kg) was administered 

intramuscularly. 
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3.2.3. Open filed scoring 

To assess the locomotor recovery after SCI, open field test was performed from the time 

of the initial injury to 12 weeks after the operation. The open field test was developed for 

use in marmosets (Kitamura et al., 2011). The Lower Limb section of the open field rating 

scale was used to assess the motor function of the hindlimb (Table 3-1). Each marmoset 

was individually tested for 5 min on the floor and then in the cage to obtain the overall 

score (maximum 7 points). 

 

Table 3-1. Lower Limb section of the open field rating scale 
Range of motion  Slight movement of lower limbs + 0 

& weight bearing        Extensive movement of lower limbs + 1 
 Move forward with weight bearing of lower limbs + 1 
 Jump + 1 
 Jump successively + 1 

Somatosensory Drop lower limbs through gaps in the cage bars up to  

 Thigh + 0 
 Knee + 1 
 Foot only + 1 
 Never drop + 1 

 

3.2.4. Kinematic recording 

Before recording the locomotion, the marmosets were habituated to the custom-made 

runway apparatus (length: 1,350 mm; width: 90 mm) constructed from a transparent 

acrylic board (thickness: 3 mm). A high-speed camera (150 frames/s, GX-3, nac Image 

Technology Inc., Tokyo, Japan), positioned on the left side (Figure 3-1), was used to 

record the marmosets walking at a self-selected speed for a total of 3–6 steps (Table 3-2) 
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in each of the following sessions: pre-operation (Pre), post-operation at 2 weeks (PO2w), 

PO6w, and PO12w.  

 

 

Figure 3-1. Schematic of runway for kinematic recording 

Marmosets walked in the runway apparatus (length: 1,350 mm; width: 90 mm). The center of the 

runway, indicated by the orange area, were recorded by using a high-speed camera from left side.  

 

Table 3-2. Number of trials 

  Pre PO2w PO6w PO12w 

Marmoset A 6 3 5 5 

Marmoset B 6 3 3 3 

Marmoset C 4 3 3 4 

Marmoset D 5 5 4 6 

 

As in Chapter 2, no lateral impaired movement was observed after the injury, so the 

walking was recorded in the sagittal plane. Note here that this procedure has been 

commonly applied in previous papers on gait analysis (Friedli et al., 2015; Shimada et al., 

2017; Wei et al., 2018). Reflective markers were attached (using an adhesive) to shaved 
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skin areas at MTP, ankle, knee, and hip (Figure 3-2). 

 

 

Figure 3-2. Locations of the tracked joints 

Refractive markers were attached to four joints of each marmoset, namely MTP, ankle, knee, and hip. 

The angle of each segment to the direction of gravity was computed as the elevation angle. 

 

Each marker was tracked using Deeplabcut, a markerless pose estimation system 

based on transfer learning with deep neural network (Mathis et al., 2018). The standard 

DeepLabCut workflow was followed. Twenty training frames were randomly sampled 

from each session of each marmoset, and all parts of the training frames were manually 

labeled and used to train the network. Training was repeated for 200,000 iterations to 

reach a plateau in individual loss. The tracking accuracy validated with the frames that 

were not used for training was 3.5 pixels (~ 2 mm). Considering that the diameter of the 

reflective marker is 4 mm, the accuracy is sufficient to not significantly affect the 

kinematic data. 
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MATLAB 2020a (MathWorks, Inc., Natick, MA, USA) was used for data 

processing. Missing values of coordinates were filled using linear interpolation. Each 

cycle was defined as one paw contact to the next paw contact which were determined as 

the time when the MTP marker was at ground level, and subdivided into a stance phase 

and a swing phase based on the forward movement of the foot. 

 

3.2.5. Endpoint trajectory 

Endpoint trajectory was defined as the MTP joint position. To quantify the changes in 

endpoint trajectory, the author examined where the peak of the y-axis appeared during the 

swing phase. For this purpose, a/b was calculated, where b was the step length, calculated 

as the linear distance in the x-axis between the MTP positions from the beginning to the 

end of the swing phase. Moreover, a was calculated as the linear distance in the x-axis 

between the MTP positions from the beginning of the swing phase to when the peak of 

the y-axis. 

 

3.2.6. Joint angle 

The hindlimb was modeled as an interconnected chain of rigid segments to calculate the 

joint angles. The joint angle velocity was calculated as a derivative of the joint angle. In 

order to comprehensively evaluate the changes in joint angle, the maximum and minimum 

values of joint angles and angular velocities calculated from each trial in each session of 

each marmoset were pooled into one matrix, and PCA was applied. Scores obtained by 

projecting the data onto each eigenvector were compared between the sessions for each 

PC. 
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3.2.7. Planar covariation of elevation angle 

To evaluate planar covariation representing intersegmental coordination, elevation angles 

were measured as the angles of segments to the direction of gravity (positive in forward 

direction) (Figure 3-2). Elevation angles have a much more stereotyped pattern than joint 

angles across individuals and trials (Bianchi et al., 1998; Borghese et al., 1996; Dewolf 

et al., 2018). Additionally, changes in the thigh, shank, and foot elevation angles covary 

linearly throughout the gait cycle. Plotting elevation angles in a three-dimensional space 

generates a gait loop for each cycle. PCA was applied to the concatenated matrices, 

including all cycle data from each session of each marmoset, to identify the best-fitting 

plane to the gait loops. The first two eigenvectors obtained from the PCA described the 

best-fitting plane. The planarity of the gait loop was quantified by the percentage of 

variance (PV), which accounted for of the third eigenvector. Higher planarity of the gait 

loop was associated with smaller variance; therefore, the variance was zero if the gait 

loop had perfect planarity. Moreover, the third eigenvector, corresponding to the normal 

of the plane, represented the plane orientation. 

 

3.2.8. Correlation between hip-ankle distance and place orientation 

To examine the effect of changes in plane orientation, the author calculated their 

correlations with hip-ankle distance. Orientation of each plane was quantified by 

multiplying the variance by the thigh and shank coefficients ratio in PC2. The hip-ankle 

distance was defined as the linear distance between the two joints, normalized by the total 

length of thigh and shank of each marmoset. 
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3.2.9. Histology 

For histological confirmation of the extent of the hemisection, all marmosets were 

anesthetized with pentobarbital sodium (100 mg/kg) and perfused with PBS (200 mL) 

and 4% paraformaldehyde (200 mL). Spinal cords were removed, postfixed in 4% PFA 

for 24 h, and exposed to 10%, 20%, and 30% sucrose for 24 h each. Transverse sections 

(50 µm) were serially cut through the lesion area on a sliding microtome (REM-710; 

Yamato Kohki Industrial Co., Ltd, Saitama, Japan) and stained using 1% cresyl violet. A 

fluorescence microscope (BZ-8000, Keyence, Osaka, Japan) with objective lenses (CFI 

Plan Apo, 10×; 0.45 numerical aperture; Nikon, Tokyo, Japan) was used to observe the 

sections, and the section with the largest sized lesion was designated the epicenter. 

 

3.3. Results 

3.3.1. Functional recovery after SCI 

Figure 3-3A shows illustrations of the epicenter of hemisected marmosets. In all 

marmosets, the left side of the spinal cord was almost completely disrupted. The author 

assessed the pre- and post-operative motor function using an open field rating scale 

(Figure 3-3B). All marmosets achieved the maximum score of 7 before the operation. 

Although marmosets showed a functional loss in both the left forelimb and hindlimb 

immediately following the lesion surgery, they could move and turn over by using the 

non-paretic side and scored 2 points. The marmosets gradually recovered, reaching a 

plateau around 8–10 weeks after the operation. As in humans and other SCI models, a 

rapid decline in motor function was observed after SCI, followed by some degree of 

spontaneous recovery. 
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Figure 3-3. Lesion extent and open field scoring. 

(A) Lesions produced by hemisection in the marmosets. Red indicates the damaged area. The lesions 

in marmosets A and C were located at the C4/C5 junction. The lesion in marmoset A extended into the 

left side of the spinal cord, sparing a small region of the dorsal funiculus. The lesion in marmoset C 

extended into the left side and slightly into the right side of the spinal cord, sparing a small region of 

the lateral funiculus. Lesions in marmosets B and D were located at the C3/C4 junction. The lesion in 

marmoset B extended into the left side and partially into the right side of the spinal cord. The lesion 

in marmoset D extended into the left side of the spinal cord, sparing a small region of the lateral 

funiculus. 

(B) Mean (± SD) of the time course of motor function in hindlimb, representing an overview of the 

functional recovery of each marmoset recorded using the open field scale (n = 4). A gradual recovery 

of motor function was observed in each marmoset. *p < 0.05 and **p < 0.005 for difference from 0 

week after the operation; paired t-test. 

 

3.3.2. Endpoint trajectory 

The author recorded the marmoset gait on the runway at Pre, PO2w, PO6w, and PO12w, 

and applied signal processing in x- and y-coordinates of each joint. The marmosets did 
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not make a crouching or wide stance during the recording. Based on the previous studies 

(Courtine et al., 2005; Maier et al., 2009), basic gait parameters such as cycle duration, 

step length, duty factor, and gait speed were calculated (Figure 3-4A). Compared to the 

parameters of each session with Pre, duty factor of the left forelimb was significantly 

shorter at all time points, but other than that, a significant difference was observed only 

in cycle duration of PO12w. Although no significant difference was observed in other 

parameters, there was a trend such as a decrease in duty factor in PO2w and a gradual 

decrease in Gait speed. Figure 3-4B shows representative footfall patterns, which were 

determined visually from the videos in each session. In Pre, the footfall pattern was 

accomplished by paw contact with the diagonal legs showing the approximately same 

phase. As the author previously reported (Shimada et al., 2017), the gait in marmoset was 

like a trot gait. After the injury, the weight-bearing by the left forelimb was difficult, and 

the stance phase of the limb was short (Figure 3-1A). This capability recovered over time; 

however, the diagonal left hindlimb and right forelimb remained out-of-phase. The author 

plotted the left-right hindlimb coordination computed from footfall patterns in polar 

graphs (Figure 3-4C). In Pre, samples were clustered around 180°, corresponding to 

alternately and out-of-phase coordination. After the injury, the variation in samples 

increased, representing that the left-right coordination was poor. 
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Figure 3-4. Changes in basic gait parameters and footfalls 

(A) Mean (± SD) of basic gait parameters such as cycle duration, step length, duty factor (Left 

Hindlimb and Left Forelimb), and gait speed. Each value was calculated from all cycles of four 

marmosets. *p < 0.05; ns, no significant difference from Pre; one-way ANOVA followed by Dunnett’s 

test as post hoc. 

(B) Representative footfall patterns in four limbs. Black and gray boxes represent the duration of 

stance and swing phases of gait, respectively. LF, left forelimb; LH, left hindlimb; RH, right hindlimb; 

RF, right forelimb. 

(C) Values of coordination between left and right hindlimbs in polar plots. Each dot corresponds to 

one cycle. The radius represents the cycle duration. The angular value represents the gap between the 

paw contact of the left and right hindlimbs during the cycle. If the limbs coordinate alternately and out 
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of phase, the angular value is 180°. 

 

Next, to give insights into the control of foot motion, locomotion was represented 

by stick diagrams of the left hindlimb in one step cycle and by constructing endpoint 

trajectories for all the steps in each session (Figure 3-5A, B). These data showed that the 

coordinate changes after the operation were different from those at Pre. For instance, the 

timing of the peak of the y-axis at the endpoint had changed. Therefore, the author 

quantified a/b as shown in Figure 3-5C and found a significant increase in each post-

operation session from Pre (Pre, 0.29 ± 0.05; PO2w, 0.51 ± 0.08; PO6w, 0.55 ± 0.08; 

PO12w, 0.52 ± 0.16; p < 0.001; one-way ANOVA followed by Dunnett’s test as post hoc). 

The results showed that foot lift peaked early in the swing phase in Pre, whereas it shifted 

to a later stage after the operation, and no recovery was observed over time. 

 

 

Figure 3-5. Changes in endpoint trajectory during each session 

(A, B) Stick diagrams (A) and endpoint trajectories (B) of the hindlimb during swing phases. From 
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top to bottom, data from Pre, PO2w, PO6w, and PO12w are shown. The gray line in B indicates the 

trajectory aligned at the beginning of the swing phase of each step, and the red line indicates the mean 

trajectory. 

(C) Schematic diagram of the definitions of a and b (upper panel) and mean (± SD) of all steps (Pre, 

n = 21; PO2w, n = 12; PO6w, n = 16; PO12w, n = 18) of a/b changes in four marmosets (lower panel). 

The results showed that a/b was larger post-operatively than pre-operatively, indicating that the peak 

of the y-axis was observed in the later stage of the swing phase. *p < 0.001 difference from Pre; one-

way ANOVA followed by Dunnett’s test as post hoc. 

 

3.3.3. Joint angle 

Figure 3-6A, B show the changes of joint angles and angle velocities in each session of a 

representative marmoset. To examine the changes in gait caused by SCI in terms of joint 

angles, PCA was applied to the maximum and minimum values of joint angle and angle 

velocity at each step, similar to the previous reports (DiGiovanna et al., 2016; Sato et al., 

in Press-b; Takeoka et al., 2014). The author visualized each step in the new space created 

by PC1–3 (Figure 3-6C). These three PCs explained almost 75% of the total variance in 

the data. There was large variance in the score projected to PC1 at PO2w and PO6w 

because of high variability of gait, while at PO12w, the scores were relatively clustered 

in the same position. However, a significant difference was observed between Pre and 

PO12w (p < 0.05; Welch’s t-test with Bonferroni correction). PC2, with the second 

highest variance, distinguished between Pre and post-operative sessions (p < 0.001); 

whereas, PC3 did not distinguish between any of the sessions (Figure 3-6D). These data 

suggest that in addition to the endpoint trajectory, characteristics of the joint angle 

movement at PO12w were also altered from Pre. Moreover, the author calculated the 
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factor loadings, which correspond to correlations between the variable and PC1-3 (Figure 

3-6E). In PC1, the absolute value of the loading factor was large for most of the 

parameters. However, the absolute value was large for the knee angle and the ankle 

minimum velocity in PC2. 

 

 

Figure 3-6. Principal component analysis applied to 12 computed joint angle 

parameters 

(A) The mean waveforms (dotted lines, ± SD) of joint angle of hip (blue), knee (orange), and ankle 

(purple) in each session. The maximum and minimum values in each trial were calculated to apply 

PCA. 

(B) The mean waveforms (dotted lines, ± SD) of angle velocity. The maximum and minimum values 

were calculated as well as the joint angles. 
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(C) Three-dimensional representation of joint angle parameters. Each dot indicates an individual step. 

(D) Boxplots of the first three PCs. The scores of PC1, which showed the highest variance (43.5%), 

were significantly different between Pre and PO12w. PC2 distinguished between Pre and each post-

operative session. *p < 0.05; **p < 0.001; ns, no significant difference from Pre; Welch’s t-test with 

Bonferroni correction. 

(E) Loading factors on PC1–3. Brawn and gray indicate positive and negative factors, respectively. H, 

hip; K, knee; A, ankle. 

 

3.3.4. Planar covariation of the segment elevation angles 

Figure 3-7A shows the mean (± SD) of the time-normalized elevation angle of three 

segments (thigh, shank, and foot) in each session of a representative marmoset. The 

intersegmental relationships and shapes of the waves showed changes. For instance, after 

the operation, the waveforms for the thigh and the foot were closer, and the slow change 

of shank observed for almost 40% of the cycle duration in Pre (see arrowhead in Figure 

3-7A) had disappeared. Therefore, to examine the intersegmental coordination, these 

elevation angles of the thigh, shank, and foot were plotted against each other in 3-D space 

(Figure 3-7B). Overlaid each gray line in the figure represents the elevation angle change 

during each single cycle. This each line forms a loop because the marmosets generate 

cyclic gaits, i.e., the postures before and after each cycle are the same. Although time was 

not explicitly represented in these plots, time moves anticlockwise along the successive 

points (see arrows in Figure 3-7B). The beginning of the stance and the swing phase 

corresponds to the top and the bottom of the loop, respectively. The plane overlying each 

plot was determined by PCA to minimize the squared error. The eigenvectors of PC1 and 

PC2 correspond to the major and minor axes of the gait loop, respectively. The gait loops 
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were close to the plane, and PV of the eigenvector of PC3 (PV3) quantified the planarity. 

For the ideal plane, PV3 was 0. PV3 at Pre were 1.6 ± 0.8%, 3.2 ± 0.8%, 2.2 ± 0.8%, and 

1.1 ± 0.7% (mean ± SD) for each marmoset, similar to the data previously reported for 

other quadrupedal mammals (Catavitello et al., 2015; Courtine et al., 2005). In addition, 

they reported that the plane orientation was parallel to the thigh axis in human (Ivanenko 

et al., 2007) (Figure 1-2A), while in quadruped primates, the orientation is rotated 45° 

around foot axis (Courtine et al., 2005) (Figure 1-2B), and in terms of the orientation, 

planes in marmoset were reflected the same characteristics as primates. Surprisingly, PV3 

did not increase after the operation, especially at PO2w (0.8–1.2%), suggesting that the 

intersegmental coordination was preserved during locomotion even in marmosets with 

SCI. 
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Figure 3-7. Planar covariation of the elevation angles 

(A) The mean waveforms (dotted lines, ± SD) of elevation angle of thigh (blue), shank (orange), and 
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foot (purple) in each session. The post-operative waveforms were different from those at Pre. The 

arrowhead indicates slow change of shank observed in only Pre. 

(B) Gait loops of the normalized elevation angles at the thigh, shank, and foot in a representative 

marmoset. Plots for all trials performed in each session were superimposed on each other. Gait loops 

progress in time in the counterclockwise direction (the arrow in the top panel). The beginning of the 

stance and the swing phases corresponds to the top and bottom of the loops, respectively. The plane 

was determined by PCA to minimize the squared error.  

(C) Mean (± SD) of the variance was accounted for by the PC3 (PV3). If PV3 was 0, the gait loop 

showed perfect planarity. PV3 remained low even after the operation. Since marmoset B did not have 

a stable gait at PO2w, no data are available. 

 

The gait loops showed preserved planar covariation even after the operation, but 

there were different trends in the orientation of the planes (Figure 3-7B). In particular, the 

post-operative planes were rotated along the long axis of the gait loop with respect to the 

plane at Pre. To visualize the plane orientation in the three-dimensional space, the author 

plotted the plane normals for each session of a representative marmoset on the unit sphere 

(Figure 3-8A). The observed change in the plane normals was independent of the foot-

axis, indicating that the change in the plane orientation was due to the relationship 

between the thigh and the shank. Therefore, the author plotted the plane normals for each 

marmoset when viewing the sphere from below (Figure 3-8B). The plane normals 

changed in a counterclockwise direction after the operation in all marmosets and appeared 

closer to Pre over time. These data suggest that thigh weighting increased and shank 

weighting decreased in the plane normals after the operation and that those weightings 

changed over time. 
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Figure 3-8. Orientation of the covariation plane for segment elevation angle 

(A) The plane normal plotted on the unit sphere for each session of a representative marmoset. Each 

axis indicates the weighting of a segment in the plane normal. The weighting of the foot, corresponding 

to the latitude of the sphere surface, did not change in any session. 

(B) Plane normal in each session laid on the thigh-shank plane. The lengths corresponded to the 

weighting of the foot. A change in the counterclockwise direction after the operation was observed in 

all marmosets. Note that the plane normals of PO2w and PO6w in marmoset C were similar. Since 

marmoset B did not have a stable gait at PO2w, no data are available. 

 

Since thigh and shank connect the hip and ankle joints, a change in the weighting 

of these segments may affect the positional relationship between these joints. Therefore, 

the author measured the distance between the hip and ankle. Figure 3-9A shows the 

averaged time series of the distance in each session in a representative marmoset. The 

distance amplitude was larger post-operatively than at Pre. Thus, the author quantified the 

average amplitude and calculated its correlation with the ratio of the thigh to shank in 

PC2. A significant positive correlation was observed (r = 0.53, p < 0.05; Student’s t-test) 
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(Figure 3-9B), suggesting that the change in the plane orientation reflected a change in 

the positional relationship of hip-ankle distance, which is consistent with previous studies 

(Dewolf et al., 2018; Ivanenko et al., 2007; Poppele et al., 2002). 

 

 

Figure 3-9. Positional relationship of hip and ankle joints 

(A) Time series of the distance between the hip and ankle in each session of a representative marmoset. 

The waveforms were calculated as the average of all cycles in a session. The amplitude of the distance 

changed after the operation. 

(B) Correlation between the amplitude of hip-ankle distance and ratio of thigh and shank weightings 

in PC2. The amplitude was calculated for each cycle, normalized by the length of the hindlimb, and 

averaged for all values of the session. A positive correlation was observed between the amplitude and 

the absolute value of the ratio (p < 0.05; Student’s t-test). The dotted lines define 95% confidence 
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intervals. 

 

3.4. Discussion 

In this study, the author used the marmoset SCI model to analyze the kinematics data to 

examine the changes in the output locomotor pattern from the intraspinal circuits. 

Marmosets showed loss of detectable function in the left fore- and hindlimb immediately 

after the injury, but gradually recovered the ability to walk between 2 and 12 weeks post-

operatively. The marmosets were able to walk relatively normally in an open field, but 

kinematics analysis showed changes in the endpoint trajectory and joint angle movement 

compared to those before the injury. The degree of recovery of these locomotor functions 

was consistent not only with previous reports in humans in the chronic phase but also 

with macaque monkey and rat hemiparetic models (Friedli et al., 2015). Additionally, 

planar covariation was preserved even 2 weeks after the SCI, suggesting that CNS 

maintains the coordination of the original elevation angle after unilateral hemisection at 

the cervical level in marmosets. 

 The results showed planar covariation was preserved at all time points from 

before the operation to 12 weeks after the injury. It has been confirmed that planar 

covariation of hindlimb may be controlled by CNS (Ivanenko et al., 2007; Ivanenko et 

al., 2008; Lacquaniti et al., 1999). Therefore, people with stroke or SCI, results in lack of 

the planar covariation. Additionally, the improvement in planarity correlated with 

recovery of the walking ability after rehabilitation (Grasso et al., 2004; Puentes et al., 

2018a; Puentes et al., 2018b). However, the planarity in severely affected SCI patients 

did not improve (Grasso et al., 2004). Thus, recovery of locomotor function after CNS 

injury appears to correlate with the recovery of planarity. These relationships may partly 
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be explained by two reasons. The first is a spinal control mechanism in the quadrupedal 

marmoset. In this study, marmosets were able to walk with the fore- and hindlimbs of the 

injured side grounded two weeks after SCI (Figure 3-3B). On the other hand, despite 

unilateral brain damage, abnormal planar covariation is also found in the non-paretic side 

during waking in humans (Puentes et al., 2018b). Since the balance requirements in 

humans and marmosets are very different, the fact that the marmosets were walking while 

maintaining their balance after SCI is assumed to be the reason for the planarity 

preservation. Another factor in the maintenance of planar covariance is that it may reflect 

the connectivity of the supraspinal input and the spinal circuit. In the unilateral 

hemisection model, many spared pathways reached the spinal circuitry after hemisection; 

that is, these connections were maintained in the present study, resulting in preserving the 

planar covariation. It is important to note that planar covariation is not a trivial 

consequence of geometric and kinematic relationships (Catavitello et al., 2018; Ivanenko 

et al., 2008), and that the planarity in developmental and pathological locomotion is 

different from the normal (Cheron et al., 2001; Dominici et al., 2011). In fact, it is 

conceivable that the two factors may be combined, but it may be difficult to verify these 

factors in isolation. 

 While planar covariation remained constant over time, the orientation of the 

covariation plane differed due to different phase relationships between the thigh and 

shank (Figure 3-7). The covariation plane contains information about the body's 

inclination to gravity, which may be relevant to the adaptation to environmental changes 

(Barliya et al., 2009). The orientation of the plane depends on the animal species 

(Catavitello et al., 2018) and the inclined ground (Dewolf et al., 2018). In this study, the 

orientation was gradually changed after SCI, although marmosets walked on the runway 
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apparatus with no incline. This suggests a change in postural control within CNS of SCI 

marmosets. In fact, the distance between the marmoset's hip and ankle was less than that 

before the injury; therefore, the hindlimb position was similar to that while walking on 

an inclined ground. These orientations showed a left-right difference (data not shown), 

indicating asymmetry and lack of coordination of the left-right stepping phase, which may 

contribute to inefficient energy expenditure while walking. 

 The preservation of planar covariation found in this study may help to design 

new rehabilitation strategies. Until now, few facilities have introduced active gait 

rehabilitation for SCI patients in the early phase after injury, because the walking ability 

of people with SCI is severely impaired. Early, but not very early (Wahl et al., 2014), 

rehabilitation of these patients may be beneficial (Detloff et al., 2014) because 

rehabilitation promotes re-organization of the intraspinal circuits by engaging the 

remaining pathways and sensory afferents that supports locomotor recovery (Cote et al., 

2017). This study suggested that intersegmental coordination function of the spinal circuit, 

which is one of the key factors required for adequate gait performance, is preserved even 

in the early stage after SCI. Although results from quadrupedal animals cannot be directly 

adapted to bipedal humans, the results of planarity preservation in primates, whose neural 

structure is similar to humans, may provide hope that active locomotor rehabilitation can 

be introduced during the early stage. Moreover, the content of the rehabilitation may be 

improved by using devices such as body-weight supported locomotor training (Cote et al., 

2017) and robot-assisted gait training, such as Lokomat (Nam et al., 2017) and HAL® 

(Puentes et al., 2018a), which take planar covariation into consideration.  
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Chapter 4:  Conclusion 

The purpose of the research in this dissertation was to apply the evaluation system that 

focuses on coordination for disturbed locomotion after SCI to explore the changes in 

coordinated joint movement that underlies the gait generation. In Chapter 2, the author 

investigated the differences in locomotor output patterns in mice with varying degrees of 

injury to obtain proof of the analysis and found differences in kinematic coordination may 

reflect underlying SCI neuropathology. In order to verify whether the analysis method is 

adaptable to humans in the future, Chapter 3 describes the temporal change of kinematic 

coordination after SCI in marmosets and found that intersegmental coordination 

represented by planar covariation was preserved overtime after the injury. 

 Although the experiments in this dissertation provided important evidence for 

understanding the potential mechanisms involved in the recovery of locomotion, detailed 

neurological exploration may be further needed. In this study, the author has only assessed 

the degree of spared tissue at the lesion epicenter of the spinal cord to investigate the CNS 

status. However, as mentioned in Chapters 2, the spinal modular structure dynamically 

interacts with inputs from several descending pathways such as CST, reticulospinal tract 

(RST), and propriospinal tract for adapting and modulating locomotion (Rossignol and 

Frigon, 2011). Each tract originates from a different region and contributes differently to 

locomotor control. For example, RST originates from the reticular formation of the 

brainstem and is mainly involved in gross movements and postural control, resulting in 

severe gait disturbance after this pathway is damaged. Furthermore, it shows little 

plasticity in spontaneous recovery. On the other hand, CST originates from the cortex, is 

involved in fine movements, and has higher plasticity and potential to create new 

pathways than RST. In addition, this plasticity may be high, especially in primates. Hence, 
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pathway-specific reconnection after injuries will also result in differences in gait patterns. 

For example, it has been suggested that the degree of CST recovery correlates with 

recovery of gait function (Friedli et al., 2015). In addition, it was demonstrated that after 

CST lesions in rats, new connections could be established with the lumbosacral cord 

through cervical propriospinal tracts (Figure 4-1A) (Bareyre et al., 2004). Propriospinal 

tracts appear to be of considerable importance for volitional aspects of locomotor 

recovery in other species such as mice (Courtine et al., 2008) and cats (Kato et al., 1984), 

through the formation of new functional circuits (Figure 4-1B). RST reorganization does 

not occur spontaneously, but after treadmill training in SCI rats, reconnection beyond the 

lesion was observed and voluntary stepping ability was recovered (Figure 4-1C) (Asboth 

et al., 2018). However, it is unclear how the changes in these pathways relate to the 

modules in spinal cord, and it is important to investigate the extent to which axons in each 

pathway remain or regenerate functional after SCI. To approach these problems, it is 

desirable to use neural tracers to visualize each pathway and to verify the relationship 

between the degree of remained axons of each pathway and locomotor output pattern. 

Furthermore, there remains a large knowledge gap in identifying the specific roles played 

by these different pathways (Frigon, 2017). Genetic manipulation of specific neuronal 

populations (Takeoka et al., 2014) or selective excision of specific pathways using toxins 

or viral system (Luo et al., 2018) is a powerful approach to elucidate the neural 

organization of locomotor networks. 
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Figure 4-1. Schematic representation of new connection after SCI in rat 

(A) Corticospinal-propriospinal detour circuit is generated after SCI. 

(B) Propriospinal tract generates a new circuit after spatially separated complete lesion (staggered 

hemisection). 

(C) Reticulospinal tract, which does not regenerate spontaneously, is rewired beyond the lesion area 

after treadmill training (modified from Loy and Bareyre (2019)). 
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 Focusing on the locomotor output pattern generated by the spinal module, rather 

than the basic kinematic parameters such as step length, cycle duration, speed after SCI, 

suggests the possibility to real-world applications, such as locomotor rehabilitation of 

patients with SCI. However, the author should still be cautious about directly translate 

these findings obtained in animal models to humans. For example, humans are bipedal, 

while mice and marmosets are quadrupedal. This may lead to significant differences in 

neural control mechanisms such as basic postural control, center of gravity, and 

coordination of upper and lower limbs, as well as in compensatory strategies after SCI.  

Furthermore, the balance requirements in bipedal human also differ from those 

in quadrupedal animals and require more careful interpretation. On the other hand, it has 

been suggested that there are common mechanisms that are common to humans. For 

example, the coordination between the arms and legs is often impaired, or even absent, 

in people with incomplete SCI, and leg muscle activity induced by passive locomotor-

like movements was modulated by passive and active arm movements in subjects with an 

incomplete SCI at cervical levels (Kawashima et al., 2008), and others also reported that 

movement of the arms improved the pattern of leg muscle activation in subjects with 

incomplete SCI (Visintin and Barbeau, 1994). Also, a recent study showed that a 

kinematic synergy involving the planar covariation of limb holds in 54 different animal 

species (10 birds and 44 mammals), despite significant differences in body size and mass 

(from 30 g to 4 tons), limb configuration, and bipedal and quadrupedal gait (Catavitello 

et al., 2018). 

The author can see that the accumulation of findings in animals is significant 

enough to be applied to humans; however, the author believes that clinical research in 
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humans is also needed in parallel with animal research to close the gap between animal 

and human research through these studies. In recent years, the resolution of MRI has 

improved, and it is possible to verify the relationship between locomotor output pattern 

and spinal damage estimated by MRI in humans over time. This relationship may be 

revealed in a clinical situation. 

Overall, the author established and characterized interlimb coordination in 

locomotion after SCI to extract CNS features to understand post-SCI CNS function. The 

result provides a roadmap for how to analyze the impaired locomotion and the recovery 

process after SCI in order to understand CNS as a skillful controller. This is the important 

implication of this dissertation. Moreover, the locomotor coordination analysis can be 

applied as an objective functional evaluation of a patient’s progress during a rehabilitation 

program. A recent study showed that when robot-assisted rehabilitation by HAL® was 

performed on patients with an idiopathic degenerative spinal disease, the coincident 

improvement of the clinical evaluation of functional score and the recovery of 

intersegmental coordination, suggesting an association between the changes in the 

walking performance and locomotor coordination pattern (Puentes et al., 2018a). Thus, 

this method has the potential for a biomarker of the state of spinal cord pathology after 

injury. The author concludes this dissertation with the hope that this research will 

contribute to the development of neuroscience and neurotherapy.  
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