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Preface

Paraplegia affects mobility after a spinal cord injury (SCI), and it is usually 
accompanied by sensory and autonomic dysfunction occurring below the spinal 
level of the lesion. Despite recent progress in the biological sciences, SCI has no 
cure, and unfortunately, available clinical treatments are limited. Sequelae of this 
chronic condition include mental health impairments, diminished quality of life, 
and economic costs related to health care. This book is divided into four sections. 
The first section presents an introduction, while the second section, “Therapeutic 
Approaches,” addresses the state-of-the-art advances in the use of mesenchymal 
stem cells from preclinical and clinical studies, as recent discoveries have shown 
promising results. The section also examines diverse strategies aimed at repairing 
the spinal cord. The third section, “Rehabilitation Approaches,” covers a wide 
spectrum of strategies for restoring motor, sexual, and bowel dysfunctions. The 
final section, “Technological Approaches,” provides an overview of some of the 
most recent advancements in devices for motor control (exoskeletons and wheel-
chairs) and electrical stimulation delivered below and above the SCI.

Paraplegia presents a multidisciplinary perspective in ten chapters that objectively 
review and address novel potential treatments for the restoration of loss functions 
below the SCI. For those who are familiar with SCI research, this book is a concise and 
up-to-date reference. For those interested in this complex pathology, this book presents 
the latest research targeted to improve daily life activities of paraplegic patients.

The editors express their gratitude to all the contributors to this book and thank 
them for their  efforts and extraordinary work.

Dr. José Juan Antonio Ibarra Arias 
Research Coordinator,

Health Sciences Research Center (CICSA),
Universidad Anáhuac México,

Campus Norte Huixquilucan, Estado de México, México

Dr. Carlos Alberto Cuellar Ramos
School of Sport Sciences,

Universidad Anáhuac México,
Campus Norte Huixquilucan, Estado de México, México
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Chapter 1

Introductory Chapter: Clinical 
Approaches for Treating 
Paraplegia
Diego Incontri-Abraham and José Juan Antonio Ibarra Arias

1.  Introduction to spinal cord injury: epidemiology  
and biopsychosocial impact

Spinal cord injury (SCI), either traumatic or non-traumatic in origin, is a dev-
astating condition that produces long-term effects that persist throughout life and 
are associated with severe disability and handicap. Reported traumatic SCI annual 
incidence rates ranges from 12.1 to 57.8 cases per million. Motor vehicle collisions, 
falls, violence, and sports represent the leading causes. In comparison to traumatic 
SCI, there is little literature on non-traumatic SCI epidemiology. The etiologies of 
this type of SCI include vertebral spondylosis (spinal stenosis), tumorous compres-
sion, vascular ischemia, congenital diseases and inflammatory conditions [1, 2].

Depending on the level of SCI, patients experience paraplegia or tetraplegia. 
Paraplegia is defined as the impairment of sensory and/or motor function in lower 
extremities. Patients with incomplete paraplegia generally have a good prognosis 
in regaining locomotor ability (around 76% of patients) within a year. Complete 
paraplegic patients experience limited recovery of lower limb function if their neu-
rological level of injury (NLI) is above T9. An NLI below T9 is associated with 38% 
chance of regaining some lower extremity function and only 4% chance of recovery 
to an incomplete status. On the other hand, tetraplegia is defined as partial or total 
loss of sensory and/or motor function in all four limbs and has a worse prognosis 
than paraplegia [3].

Spinal cord injury is a leading cause of disability, particularly in young adults. 
The highest incidences of SCI occur in persons between 20 and 40 years of age [4], 
being more common in males (82.8%) than females [5]. However, recent reports 
indicate an increase in SCI prevalence among older people and females. On the 
other hand, when classifying the types of disabilities caused by SCI, tetraplegia rep-
resents around 60%, while paraplegia represents approximately 40% [6]. Among 
all secondary complications following SCI, pressure ulcers, neurogenic bladder, 
urinary tract infections, pain, autonomic dysreflexia, osteoporosis, and muscle 
atrophy represent the majority. Currently, SCI complications management is chal-
lenging, and the outcomes are unsatisfactory [5, 7–10]. Moreover, having SCI may 
increase the risk of developing a health condition that is an indirect consequence 
of the impairment itself, such as increasing sedentary behaviors that contribute 
to the development of obesity and diabetes. Psychological factors (depression, 
anxiety, drug and substance dependency, post-traumatic stress disorders, etc.) may 
also complicate these chronic health conditions [11]. In addition, SCI leads to an 
abrupt change in the professional life and future plans of the patients [12] due to the 
irreversible restriction of functional movement, affecting not only quality of life 
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but also the ability to live independently. Furthermore, not only economic, educa-
tional and social conditions can affect SCI patients. Sexual relationships as well as 
marriage may be affected in patients who develop a severe disability following SCI 
[13–15]. These issues have been the most important motivation for the implementa-
tion of studies over the last decades that look for novel strategies for SCI. Despite all 
the progress in both preclinical and clinical studies, new therapies are still needed in 
order to improve both functional recovery and quality of life following SCI.

Lastly, it is important to mention that disparities between the developing and 
developed countries capacity to deliver emergency and acute care are evident 
immediately after a SCI. In many low-resource regions, these disparities can lead 
to further neurological compromise and poorer first year survival [16]. On the 
other hand, developed countries have significantly improved survival compared 
with developing countries. For example, tetraplegics have lower survival rates than 
paraplegics; however, in developed countries, this gap has narrowed considerably 
over the last 40 years. Developing countries still have the highest 1-year mortality 
rates [17].

2.  The current understanding of the SCI pathophysiology and 
management

The immediate event arising from the primary injury consists in a mechanical 
disruption of tissue. Vascular changes, edema, hemorrhage, inflammation, neuro-
nal, and myelin changes represent the acute phase (hours to 1–2 days). The edema 
may be vasogenic, defined as a breakdown of the blood–brain barrier (BBB) leading 
to the leakage of plasma fluid into the extracellular space. This may result in pres-
sure-induced ischemia caused by reduced blood flow to the site of injury. Cytotoxic 
edema (intracellular swelling) also occur, particularly in astrocytes. Such edema is 
caused by pro-inflammatory factors, excitotoxicity, oxidative stress, lipid peroxida-
tion, electrolyte imbalances, among others. In regard to neurons, the mode of death 
appears to be necrosis; however, neuronal apoptosis has been reported as well but 
only in experimental animals. Myelin breakdown occurs early following SCI and is 
characterized initially by swelling and ultimately by its fragmentation. During the 
intermediate phase (days to weeks), there will be several glial responses, necrotic 
debris will be eliminated, edema will resolve, and there will be revascularization 
of the tissue associated with a restoration of the BBB. Finally, the late phase of the 
SCI (weeks to months/years) is characterized by Wallerian degeneration, astroglial 
scar formation, development of cysts and syrinx, and schwannosis (aberrant 
intra- and extramedullary proliferation of Schwann cells with associated axons). 
The Wallerian degeneration is a process that consists in the anterograde disintegra-
tion of axons and their myelin sheaths that have been transected following injury. 
Eventually, an astroglial scar replaces the destroyed myelinated axons; however, this 
astroglial scar represents an impediment to regeneration [18].

SCI can be categorized also into primary and secondary phases. The primary 
SCI phase involves the initial mechanical injury (compression, shearing, lac-
eration/transection, and acute stretch) in which the physical force is directly 
imparted to the spinal cord, disrupting axons, blood vessels, and neural-cell 
membranes. After the primary injury, a cascade of secondary injury events 
is initiated which expands the zone of neural tissue damage and exacerbate 
neurological deficits and outcomes. Secondary injury is a progressive condition 
characterized by pro-inflammatory cytokines, reactive oxygen species, DNA/
protein/lipid oxidative damage, excitatory aminoacids such as glutamate, loss 
of ionic homeostasis, mitochondrial dysfunction and cell death [19–21]. As 
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mentioned before, mechanical compression of the spinal cord following injury 
can impair blood flow causing ischemia and an expanded zone of neural tissue 
injury. Therefore, early surgical decompression is used after SCI to improve 
vascular supply to the injured area as well as neurobehavioral deficits [22]. 
Methylprednisolone (MP), a potent synthetic glucocorticoid which upregulates 
anti-inflammatory cytokine release, has been widely used for SCI management. 
However, infections are a devastating side effect that may lead to severe pneu-
monia and sepsis, outweighing the potential neurological benefits [23]. Lastly, 
blood pressure augmentation is a current strategy in the SCI field. This strategy 
has emerged to neuroprotect damaged tissue by enhancing perfussion. In addition 
to these strategies, several neuroprotective therapies targeting key components of 
the secondary injury phase have emerged in the SCI field. Furthermore, due to the 
widely recognized difficult regeneration of the adult mammalian central nervous 
system (CNS), including the spinal cord, the primary and secondary phases of 
the SCI lead to a progressive loss of neurological function overtime. However, 
recent progress in the field of SCI research has demonstrated that the CNS has an 
inherent regenerative capacity. Consequently, while neuroprotective interven-
tions might have a great benefit in the acute phase of injury, the vast majority of 
SCI patients are in the chronic stage. Neuroregenerative strategies have emerged 
to facilitate neuronal regrowth in the chronic stage of injury [24].

3. Neuroprotective strategies

Neuroprotective agents aim to reduce secondary insults to the injured spinal 
cord. Multiple approaches have been studied, and many others are currently under 
investigation [25]. In fact, the ability of pharmacological agents to limit secondary 
biochemical damage and cell death has been well established not only in SCI models 
but also in stroke and head injury [26].

3.1 Pharmacological therapies

3.1.1 Methylprednisolone

MP is one of the most commonly used pharmacological agents due to its anti-
inflammatory effects [27]. However, the beneficial effects of MP administration 
in the setting of acute SCI are outweighed by the risk of significant complications 
associated to steroids [28].

3.1.2 Riluzole

Riluzole is a benzothiazole sodium channel blocker that protects against 
excitotoxic cell death by restricting the presynaptic release of glutamate [29]. It is 
currently approved by the US Food and Drug Administration (FDA) for the treat-
ment of amyotrophic lateral sclerosis [30]. Clinical trials are currently ongoing for 
investigating riluzole in the setting of acute SCI [31].

3.1.3 Minocycline

Minocycline is a tetracycline-class antibiotic that has demonstrated neuropro-
tective properties in preclinical models of SCI [32]. A phase II clinical trial dem-
onstrated that early minocycline administration may improve motor recovery in 
patients with acute SCI [33].
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3.1.4 GM-1 ganglioside

GM-1 is a glycosphingolipid found in cell membranes with the ability to enhance 
neurite growth and nerve regeneration [34]. However, clinical trials in SCI patients 
found no statistically significant improvement with GM-1 [35].

3.1.5 Fibroblast growth factor-analogue

Fibroblast growth factor (FGF) is a protein found to be neuroprotective against 
excitotoxicity [36]. A FGF analogue called SUN 13837 was evaluated in a phase I/II 
clinical trial with results pending publication [25].

3.1.6 Granulocyte colony-stimulating factor

Granulocyte colony-stimulating factor (G-CSF) is found to promote cell 
survival and inhibit inflammatory cytokine expression [37]. Two recent nonran-
domized phase I/IIa clinical trials showed great results in SCI outcomes [38, 39]; 
however, randomized clinical trials are required to establish the efficacy of G-CSF 
for SCI.

3.1.7 Hepatocyte growth factor

Hepatocyte growth factor (HGF) increases neuronal survival in SCI models 
[40]. A phase I/II randomized clinical trial is now underway with results pending 
publication [41].

3.2 Non-pharmacological therapies

3.2.1 Therapeutic hypothermia

Therapeutic hypothermia (TH; 32°-34° C) reduces the basal metabolic rate and 
energy demands of the CNS [42]. TH is effective in reducing the extent of CNS 
injury in neonatal hypoxic ischemic encephalopathy as well as after cardiac arrest 
[43, 44]. Small studies in SCI patients exposed to TH showed a trend towards 
neurological recovery [45, 46]. Therefore, these promising results led to a phase II/
III clinical trial named “The Acute Rapid Cooling Therapy for Injuries of the Spinal 
Cord”, which has been planned to assess efficacy [25].

3.2.2 Cerebrospinal fluid drainage

Cerebrospinal fluid drainage objective is to prevent spinal cord hypoperfusion in 
the postinjury period by lowering the intrathecal pressure [47]. A phase IIb clinical 
trial evaluating mean arterial pressure elevation with cerebrospinal drainage in SCI 
has been completed with results pending publication.

4. Neuroregenerative strategies

Neuroregenerative strategies aim to restore neurological function [48]. 
Chronic SCI sets an excellent example because there are currently no interven-
tions to restore body functions after injury. However, due to the inherent and 
limited ability of the CNS to regenerate, chronic SCI involves a great challenge for 
regenerative medicine [49].
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4.1.1 Rho-ROCK inhibitor

Cethrin/VX-210 is a direct Rho inhibitor applied intraoperatively using a fibrin 
carrier to the epidural space [50]. A phase I/IIa clinical trial of patients with cervical 
or thoracic acute SCI found a significant improvement in long-term motor recovery 
for cervical patients [51].

4.1.2 Anti-NOGO antibody

Anti-NOGO is a recombinant human antibody against NOGO-A, one of the 
best-known inhibitors of neurite growth and plasticity in adult CNS. Intrathecal 
application is well tolerated in humans; however, efficacy trials are still needed to 
consider anti-NOGO antibodies for SCI patients [52].

4.2 Non-pharmacological therapies

4.2.1 Spinal cord stimulation

Spinal cord stimulation (SCS) involves the application of electrical stimulus 
to generate muscle contractions that allows for functional limb use. SCS has been 
successfully applied to improve ambulatory ability in patients with incomplete SCI 
[31]. Moreover, a small human study has shown that SCS combined with rehabilita-
tion provides functional recovery of voluntary lower extremity movement in the 
chronic phase of SCI [53].

4.3 Cell therapies

Stem cell-based regenerative therapy has many roles in SCI recovery, including 
modulating the inflammatory response, providing trophic support, and regenerat-
ing axons into lost neural circuits [54]. Early research in this field used embryonic 
stem cells (ESCs), however, ethical concerns led to the introduction of other types 
of stem cell populations. In fact, adult tissue-derived stem cells, specifically bone 
marrow-derived cells, have emerged as a leading transplantable cell type for many 
CNS disorders [55]. Mesenchymal stem cells, olfactory ensheathing cells, Schwann 
cells, neural stem cells, and oligodendrocyte progenitor cells have been evaluated in 
phase I/II clinical trials of SCI and have shown promising results [31].

4.4 Biomaterials

The cascade of secondary events following acute injury to the spinal cord results 
in demyelination, axonal degeneration, and cavitation formation. Therefore, 
regeneration is hindered by the lack of substrate to support cell migration and 
axonal growth [56, 57]. The development of tissue engineering technology has 
opened up new avenues for treating SCI. The main strategy of tissue engineering is 
to inoculate living cells on extracellular matrix substitutes (biomaterial scaffolds) 
that can provide a physical structure for cell growth and differentiation, as well 
as to guide the growth of transplanted cells and promote axonal regeneration of 
residual neurons [58].

The Neuro-Spinal Scaffold (InVivo Therapeutics Corp, Cambridge, 
Massachusetts) is a proprietary bioresorbable polymer scaffold that promotes 
appositional healing, spares white matter, decreases post-traumatic cyst 
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formation, and improves functional recovery in animal models of SCI. A pilot 
study evaluating the safety of Neuro-Spinal Scaffold implantation has completed 
recruitment and is currently in the follow-up phase. Moreover, a case report of 
the first patient to undergo implantation of the Neuro-Spinal Scaffold as part of 
this trial has been published previously. The patient was a 25-year-old man with 
a T11–12 fracture-dislocation following a motocross accident. At 3 months after 
implantation, neurological function had improved, and no complications were 
seen during the follow-up [31, 59].

5. Exoskeleton

In the past decade, research in SCI rehabilitation has expanded to include robotic 
devices that initiate or augment movement. These robotic devices are used with two 
goals: to enhance recovery through functional movement and to act as a mobility 
aid beyond orthoses and wheelchairs [60]. In fact, exoskeleton training has been 
developed as a rehabilitation tool and is approved for the rehabilitation of individu-
als with SCI. Several studies have shown that robotic exoskeleton gait training has 
positive effects in terms of spasticity and pain reduction, as well as improved gait 
function without physical assistance [61–66].

Robotic devices may offer the greatest advantages for patients with incom-
plete SCI, turning measurable but functionally insignificant motor function 
into true mobility and independence. However, the global effects of restoring 
motion to the skeleton and joints in terms of cardiovascular benefits, prevention 
of contractures, osteoclastic activity, and psychological health have not yet been 
measured [67].

6. Conclusion

Significant advances over the past decades have decrease the morbidity and 
mortality following SCI. Unfortunately, these advances have not impacted on 
the majority of patients affected by SCI, decreasing long-term health and qual-
ity of life. Current treatment options for SCI are restricted to systemic delivery 
of MP, early surgical decompression, and rehabilitation, all of which result in 
minimal functional recovery. Neuroprotection as well as neuroregeneration are 
our current targets for both pharmacological and non-pharmacological thera-
pies; however, further research is still needed to find the best option for SCI 
patients.
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Abstract

Since multipotential and immunoregulatory properties were identified in 
mesenchymal stem cells (MSCs) in the twentieth century, they have been proposed 
as an effective therapy for many degenerative and traumatic diseases such as spinal 
cord injury (SCI). SCI is a devastating event with a high mortality rate that evokes 
the loss of motor and sensory functions due to neurochemical imbalance and an 
exacerbated immune response as a consequence of the initial mechanical damage, 
which in conjunction creates a hostile microenvironment that inhibits neuronal 
circuitry restoration. This chapter pretends to lead the reader towards the immu-
nomodulatory, differentiation, and tissue repairing capacities of MSCs that allow 
them to be a valuable candidate for clinical trials. In the first section, the physio-
pathology of SCI will be addressed; after that, the chapter will review the general 
aspects of MSCs such as origin, molecular markers, and the different mechanisms 
by which MSCs can heal the target tissues. Finally, we will discuss clinical trials 
involving autologous MSC transplantation and their limitations.

Keywords: SCI, MSCs, clinical trials

1. Introduction

Spinal cord injury (SCI) is an important clinical problem with significant 
socioeconomic impact worldwide.

SCI is a catastrophic event involving damage to the spinal cord (SC) that causes 
morphological and physiological changes leading to biomechanical and functional 
disorders in patients [1]. This condition induces acute and chronic inflammatory 
processes that can result in temporary or permanent repercussions including 
paraplegia, quadriplegia, or even death [2].

The pathophysiology of SCI is very complicated, and it consists of a primary and 
a secondary phase. The primary phase occurs immediately after the damage to the 
SC causing cell death at the epicenter of the injury as well as the beginning of the 
pro-inflammatory response [3]. The secondary phase starts 2 hours after the dam-
age and can last up to 6 months. During this phase the extent of the injury increases 
in response to the augmented pro-inflammatory factors which contribute to induce 
local edema, ischemia, vascular alterations, ionic dysregulations, and oxidative 
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stress [3, 4]. These prejudicial mechanisms persist during the chronic stages of 
the injury, and although their intensity is diminished, the neurological function 
continues to decline [5]. Most of the post-traumatic neuronal degeneration involves 
an uncontrollable cascade of destructive mechanisms that are still incompletely 
understood and remain a challenge for scientists [6].

The current therapy for SCI involves surgical decompression and steroid admin-
istration; however, both of them only show minimal efficiency, and the need for an 
effective therapy is continuously rising [7]. Therefore, the transplantation of stem 
cells as a novel therapeutic approach has received increasing attention due to their 
promising results in neurological recovery in SCI [8–10]. Among them, mesenchy-
mal stem cells (MSCs) demonstrate to be a valuable promising therapy due to their 
significant autocrine and paracrine activity which help to induce the proliferation 
and differentiation of different cell types and to exert immunomodulatory effects 
in the microenvironment of the host [6, 11]. MSCs, anti-inflammatory molecules, 
and trophic factors are capable of supporting axonal growth to promote angiogen-
esis, remyelination, and protection against apoptotic cell death [12]. Furthermore, 
MSCs possess a varied spectrum of therapeutic properties such as neuroprotection 
after glutamate excitotoxicity [13, 14], reduction in protein levels associated with 
stress and reactive oxygen species [15] and pro-inflammatory cytokines [16], M1 
macrophage polarization to the M2 pro-repair activated phenotype [17], secre-
tion of neurotrophic factors [16, 18, 19], and their ability to produce numerous 
exosomes.

In addition, MSCs have minimal immunoreactivity towards the host as well as 
a limited chance of developing a tumor and are particularly appealing due to their 
wide range of advantages over other types of stem cells [20]. Finally, we will discuss 
clinical trials of improvement using autologous and allogeneic MSCs after acute and 
chronic SCI.

2. General aspects of MSCs

MSCs are adult stem cells with self-renewing and differentiation abilities. These 
cells can be isolated from different sources (bone marrow, adipose tissue, umbilical 
cord (UC), and amniotic fluid) and are easily preserved without raising any ethical 
issue [21]. Mammalian bone marrow is the best understood niche that harbors 
hematopoietic stem cells (HSCs), and MSCs are believed to provide the basis for the 
physical structures of the niche [22]. Moreover, MSCs are defined as multipotent 
cells that are thought to regulate the self-renewal, proliferation, and differentiation 
of the HSCs through the production of cytokines and intracellular signals that are 
initiated by cell-to-cell interaction. Lastly, MSCs can differentiate into cells from 
different lineages, such as osteoblasts, cartilage cells, fibroblasts, muscle cells, fat 
cells, and neurons [23, 24].

3. Markers of MSCs

Most researchers have suggested minimal criteria to define MSCs. The 
International Society for Cellular Therapy (ISCT) established specific criteria in 
order to identify unique populations of MSCs [25].

1. MSCs must be plastic adherent when maintained under standard culture 
 conditions.
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2. MSCs must be positive for CD105, CD90, CD73, CD29, CD44, CD71, and 
CD106 and be negative for the expression of hematopoietic markers such as 
CD34, CD45, HLA-DR, CD14, MHC-II, CD11b, and CD14 and express low 
levels of MHC-I.

3. MSCs must differentiate in vitro at least in osteoblasts, adipocytes, and chon-
droblasts [25, 26].

4. MSCs: biological properties

MSCs are well known for their ability to differentiate into numerous cell lin-
eages, but, besides their cell multipotential reprogramming capacity, they promise 
to be an effective candidate therapy in clinical trials for different human pathologies 
due to their successful homing, immunomodulation, and tissue repairing [27]. 
Moreover, exosomes from MSCs are being considered the most important factor of 
the therapeutic effects of MSCs as they could be used as molecule exchangers and 
natural drug delivery vehicles [28].

4.1 Homing and chemotactic activity

Several studies have shown that MSCs are capable of migrating selectively and 
exert homing capabilities to different organs [29, 30]. Even if they are transplanted 
by local or systemic pathways, MSCs are principally guided to damaged tissues by 
the coordinate expression of specific receptors and ligands that allow them to reach 
their desired target and effectuate different mechanisms [31]. Additionally, MSCs 
possess a high chemotactic activity that increases the recruitment of different cells. 
Indeed, fibroblasts accelerate migration, proliferation, and integrin expression in 
response to MSC secretome [32, 33]. Similarly, neutrophils increase migration rate 
and immunological response when they are stimulated with MSCs after microbial 
challenge in vitro [34, 35]. In murine SCI models, the MSC-grafted SC has proven 
to amplify granulocytes and antigen-presenting cell recruitment in early stages by 
a wide variety of cytokines and chemokines such as CXCL10, CXCL12, CXCL1, and 
CL5 to boost SC recovery [34, 36].

4.2 Microenvironment immunomodulation

MSCs have proven to regulate the immune response through cell-to-cell contact 
and by the secretion of soluble mediators including cytokines, prostaglandins, 
enzymes, and proapoptotic and antiapoptotic molecules [27, 37–39]. Different 
studies involving MSC transplantation in exacerbated immune response models 
such as peritonitis and ulcerative colitis ameliorate inflammation by reducing the 
expression levels of pro-inflammatory cytokines such as interleukin-1 beta, inter-
leukin-12, interleukin-6, and tumor necrosis factor-α (TNFα). In addition, these 
cells exert a decrease of the classical phenotype M1 marker and an increase of the 
alternative phenotype M2, as well as a marked macrophage reprogramming from 
M1 to M2 [17, 40–42]. Moreover, MSCs can suppress T cell activation and prolifera-
tion by downregulating the expression of costimulatory molecules on the surface 
of dendritic cells [43], interleukin-10, transforming growth factor-B (TGFβ), nitric 
oxide, and indoleamine 2,3-dioxygenase enzyme production in response to inflam-
mation as well as interleukin-2 absorption [37, 44, 45]. Similarly, B cell activation 
can be disturbed, and the regulatory B cell phenotype can be promoted [46, 47].
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4.3 Tissue repairing and regeneration

MSCs participate in repairing many tissues, mostly by the secretion of TGFβ and 
vascular endothelial growth factor (VEGF) to promote angiogenesis [48], extracel-
lular matrix remodeling, and reduction of the scar formation in chronic wounds [49, 
50]. Similarly, in pathologies where gliosis, demyelination, and neuroinflammation 
occur, MSCs have shown neuroprotective activities such as vascular stabilization and 
angiogenesis by tight junction protein expression [51], neuronal suppression apoptosis 
[52, 53], glia hypertrophy prevention [54], and promotion of myelinization by the 
activation of oligodendrocyte precursor cells [53, 55]. Additionally, MSCs promote 
synaptic transmission [56], neurite outgrowth, and axonal sprouting mostly by excre-
tion of trophic factors including brain-derived neurotrophic factor (BDNF) and nerve 
growth factor (NGF) [12, 57]. SCI models motor skills are increased [58] inclusively; 
bladder and erectile dysfunction improvement have been reported [59, 60].

4.4 Multipotential capacity

Originally it was believed that MSCs could exclusively differentiate into cells 
from the mesodermal lineage [23, 24]; however, in the last 20 years many authors 
have proven that a proper microenvironment can promote greater plasticity and 
that MSCs from different sources can differentiate into dermal, neural, or glial cells 
in vitro and in vivo when they are exposed to neurotrophic factors and specific 
cytokines [61–63]. Smooth muscle and endothelial cells derived from MSCs can be 
detected and improve heart functions in ischemic myocardium models [64]. Also, 
skin, articular cartilage, and bone regeneration have been reported, but mostly 
when MSCs are combined with natural and artificial scaffolds or when genetically 
modified [65–67]. In order to achieve CNS regeneration, different sources of MSCs 
and culture methods have been tested in murine SCI models; however, transplants 
have demonstrated to improve functional recovery by differentiation into neurons, 
astrocytes, but mostly oligodendrocytes [54, 55, 58].

4.5  Exosomes as mechanisms for cell-to-cell communication and drug delivery 
vehicles

Exosomes are extracellular vesicles released by many cells, including MSCs. 
Their length is between 30 and 100nm, and they can bind to cells through recep-
tor and ligand interaction or by fusion with the target cell membrane to deliver 
high amounts of cytokines, growth factors, microRNAs, and mRNAs capable of 
modifying peptide and protein synthesis [60]. Thus, the derived MSC exosomes 
could be the most attractive therapy in SCI models since neuronal differentiation 
from MSCs remains poor [58, 68] and several studies show that the regenerative and 
anti-inflammatory mechanisms are mostly mediated by paracrine factors [27, 36, 
69–71]. Furthermore, MSC exosomes are natural drug delivery vehicles that can be 
modified and produced in high quantities [28, 72, 73]. MSCs have proven to be safe 
in many different preclinical studies; however, clinical trials involving exosomes in 
SCI therapy are not yet recruited due to the fact that optimal MSC culture conditions 
and protocols for exosome isolation is still to be established (www.clinicaltrials.gov).

5. MSCs in the clinic

The promising results of MSCs in preclinical studies encouraged their use in 
humans; however, the results obtained in the clinical trials still remain controversial 
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and do not replicate what was previously reported in experimental animal stud-
ies. In this section we will review the results obtained from the main clinical trials 
involving MSC transplantation as well as their type of application, properties, 
limitations, and future directions.

Most of the first clinical studies describing reporting the application of MSCs 
were focused on describing the transplantation technique, the safety, and the 
evidence of any adverse reactions. Moviglia et al. conducted a preliminary report 
that described the intra-arterial administration of bone marrow (BM) MSCs 
(BM-MSCs) in two patients with chronic SCI in combination with neurorehabilita-
tion programs. Patient 1 presented paraplegia at the eighth thoracic vertebra (T8) 
with a sensitive level corresponding to T6, while patient 2 presented severe quadri-
plegia with a lesion that extended from his third to fifth cervical vertebrae (C3–C5) 
and a sensitive level corresponding to C2. After 6 months, both patients improved 
their motor and sensory functions without having any secondary effects. The motor 
level of patient 1 now corresponds to his first sacral metamere (S1) and his sensitive 
level to the fourth sacral metamere (S4), while sensory and motor functions from 
patient 2 reached T1–T2 [74]. Similar results, in terms of the safety, were obtained 
in a pilot study conducted by Pal et al., where 30 patients with complete cervical 
or thoracic SCI (ASIA scale rating system class A) received intrathecal injections 
of MSCs via lumbar puncture and none of them presented any adverse effects in 
the following 1–3 years [75]. However, only the patients with less than 6 months of 
thoracic-level injury experienced improvement in their quality of life and degree of 
independence according to Barthel’s Index (BI). Despite these improvements, there 
was no significant change in the ASIA score and in magnetic resonance imaging 
(MRI). Furthermore, due to the homing abilities of the MSCs, Ra et al. also tested 
the toxicity, tumorigenicity, and therapeutic potential of the intravenous adminis-
tration of adipose tissue-derived MSCs in eight patients with more than 12 months 
of SCI. After 3 months the therapy demonstrated to be safe and not promoting 
tumor growth [76]. In addition, this study described limited motor recovery where 
only one patient with ASIA A demonstrated improvement to ASIA grade C. Lastly, 
other studies have also demonstrated the safety and lack of evidence of any severe 
adverse reactions with the intrathecal administration of MSCs [77, 78].

Moving forward, Sykova et al. conducted a nonrandomized phase I/phase II 
clinical trial comparing the functional improvement and safety of intra-arterial 
versus intravenous administration of BM-MSCs in 20 patients with SCI at the 
cervical or thoracic level. The clinical characterization described 15 patients with 
ASIA grade A and 5 patients with ASIA grade B (incomplete SCI). Both intra-
arterial group (n=7) and the intravenous group (n=13) contained patients with 
acute and chronic phases of SCI. The study found significant functional improve-
ments (motor and sensory) in five acute patients and only in one chronic patient. 
In the intra-arterial group, all four subacute patients exhibited a significant 
improvement in their ASIA score or Frankel score as well as a marked recovery of 
motor and somatosensory evoked potentials (MEPs and SEPs). However, in the 
intravenous group, only one patient demonstrated an improved ASIA score as well 
as electrophysiology results. Interestingly most of the patients who had functional 
improvements received the administration of the MSCs close to the injury site 
suggesting that the administration route through the vertebral artery or into the 
cerebrospinal fluid might lead to the best outcome. This study also describes that 
3–4 weeks after the injury appears to be the best therapeutic window to administer 
the cells [79]. These results are also supported by another study carried out by 
Park et al. where they showed improved motor and sensory function in 5 out of 6 
patients who received intraspinal implantation of BM-MSCs 7 days post-injury in 
combination with granulocyte-macrophage colony-stimulating factor (GM-CSF) 
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[80]. Four patients demonstrated a significant improvement in their American 
Spinal Injury Association Impairment Scale (AIS) grades from A to C, while one 
patient improved to AIS B from A. Lastly this study also describes those 3–4 
weeks after the injury appears to be the best therapeutic window to administer the 
cells [79].

As many studies supported the safety of this therapy, more scientists focused on 
comparing and trying to find different types of MSC transplantation. Geffner et al. 
reported eight thoracic SCI cases (four acute and four chronic) with the administra-
tion of BM-MSCs through many different administration routes such as intravenous, 
intraspinal, and directly into the spinal canal in order to assure that the cells will 
reach their target. Over the course of 2 years, patients showed significant improve-
ments in their quality of life measured by the BI score as well as certain motor 
recovery measured by the ASIA, Ashworth, and Frankel scores. All four patients of 
the acute group experienced an improvement in the ASIA score from A to C, while 
chronic patients had a lesser recovery improving from an ASIA score of B–C to 
C–D. Improvement of bladder control was the most important aspect in augmenting 
their quality of life; however, there were also many other important motor improve-
ments, which cannot be correctly represented in the ASIA score [81]. In addition, 
other studies furtherly support the therapeutic potential of MSCs in improving 
the urinary functions of SCI patients which majorly contributes to increasing their 
self-care ability [82, 83]. This study also demonstrated the feasibility and safety 
of multiple administration routes. Moreover, the study conducted by Jeon et al. 
discussed the effectiveness of the intraspinal application of BM-MSCs in 10 patients 
with complete cervical SCI. After 6 months 6 patients demonstrated motor improve-
ments in the upper limbs by measuring electrophysiological parameters (electro-
myography, nerve conduction velocity, SEP, MEP) as well as morphological changes 
described by magnetic resonance imaging (MRI) at the site of the lesion. In addition, 
three out of those six patients exhibited a significant increase in the performance of 
daily tasks. However, the ASIA/Frankel motor grade remained the same and did not 
reflect these motor improvements. This study also reported the absence of any major 
adverse effect or neoplasm growth over the course of 3 years, furtherly supporting 
the safety of this therapy [84].

Karamouzian et al. conducted one of the first studies to introduce a control 
group in the field of MSCs and SCI. This nonrandomized clinical trial discussed 
their therapeutic potential by comparing the outcome of 11 patients (7 males and 4 
females with mean age of 33.3 ± 8.9 years) with complete subacute SCI who received 
BM-MSC transplantation via lumbar puncture with a control group (n=20). Five 
patients in the study group and 12 patients in the control group presented spinal 
fracture at T12 and L1 levels, while the remaining patients presented a lesion 
between T1 and T11. After almost 3 years of follow-up, five patients of the experi-
mental group and three patients of the control group exhibited noticeable recovery 
(a two-grade improvement from baseline, i.e., from ASIA A to C); however, the 
results were statistically borderline, and there is no clear evidence of the therapeutic 
potential of these MSCs [85]. In a similar study, Dai et al. discussed the effective-
ness of BM-MSCs in complete and chronic SCI. This study randomly assigned 40 
patients with complete and chronic SCI into a treatment group (n=20) and a control 
group (n=20). After 6 months of follow-up, 50% of the treatment group demon-
strated significant motor recovery as well as an improvement in ASIA score and in 
electrophysiological examinations. In addition, most of the patients in the treat-
ment group exhibited a significant clinical improvement in terms of the amount 
of residual urinary volume, pinprick sensory, and light touch, while the control 
group did not exhibit any significant motor or sensorial improvements [82]. Both 
of these studies suggest that BM-MSCs might help improve neurological function 
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in complete and chronic SCI, and they present no evidence of any severe complica-
tions or major adverse events in any of the patients.

Although stem cell therapy has demonstrated that they possess the therapeutic 
potential to be combined with neurorehabilitation, Cheng et al. analyzed the effect 
of UC-MSCs in comparison with neurorehabilitation and self- healing in 34 patients 
with thoracolumbar SCI and AIS A grading. Patients were divided into three groups: 
the UC-MSC treatment group, the rehabilitation group, and the control group. 
After 6 months around 70% of the patients in the treatment group experienced 
a significant motor recovery and noticeable improvement in muscle tension and 
self-care ability which involves an increase in the strength of the abdomen, waist, 
and lower limbs. Meanwhile, only 36% of the patients treated with neurorehabilita-
tion exhibited certain improvements in these aspects, and the control group showed 
no significant changes in motor recovery, sensation, or self-care ability. In terms of 
bladder functions, the treatment group showed a decrease in residual urinary vol-
ume and maximum detrusor pressure as well as an increase in bladder capacity and 
urinary flow in comparison with the other two groups [86]. Later on, El-Kheir et al. 
decided to compare the use of BM-MSCs in combination with physical therapy with 
the use of physical therapy alone in 70 chronic cervical and thoracic SCI patients 
(25 AIS A and 45 AIS B) in a phase I/phase II controlled single-blind clinical trial. 
After 18 months of follow-up, 46% of the stem cell therapy group exhibited func-
tional improvement and an increase in both motor and dermatome scores by the 
ASIA and AIS scoring as well as a significant improvement in motor, pinprick, and 
light touch sensory and functional independence scores over the treated group with 
physical therapy alone [87]. These studies suggest that BM-MSCs can be combined 
with additional therapies in order to boost their therapeutic potential.

Equally important, El-Kheir et al. described that thoracic SCI patients with 
smaller lesions and lower duration of the injury had a higher increase of functional 
improvement in comparison with patients with cervical SCI [87]. Similar results 
were obtained in the study carried out by Mendonca et al. which demonstrated a 
statistically significant correlation between the neurological recovery and both the 
level and size of the injury in patients with chronic (>6 months) thoracic or lumbar 
SCI. In addition, after the intra-lesion administration of BM-MSCs, all of the 14 
patients demonstrated certain improvements in tactile sensitivity and 8 subjects 
showed some improvement in the motor functions of the lower limbs reflected by 
an improvement in their ASIA grading from A to B or C [88].

As the amount of beneficial but limited results grew, the amount of the trans-
planted MSCs and number of administrations started to gain attention. Vaquero 
et al. conducted a series of clinical trials involving different numbers of MSC 
administrations in SCI. The first study consisted of a clinical trial involving 12 
patients with complete (ASIA A) and chronic thoracic SCI who received two 
separate transplantations of BM-MSCs in the subarachnoid space. All patients 
exhibited certain degree of sensorial improvement (pinprick sensitivity and light 
touch sensitivity), and 50% of the patients showed motor activity below the injury 
level according to clinical and neurophysiological studies (SEPs and MEPs). More 
than 30% of the patients improved their AIS A score from A to B or C, and 83% 
of the patients presented improvement in urodynamic function including pos-
sibility of voluntary micturition (5 patients), increased bladder capacity at filling 
in (8 patients), decreased detrusor pressure at bladder filling in (9 patients), and 
increased bladder compliance (10 patients). In addition, they hypothesize that the 
clinical improvement was dose-dependent [89]. The second study consisted of 10 
patients with incomplete (ASIA B and C) cervical, thoracic, and lumbar SCI who 
received 4 subarachnoid administrations of MSCs. Besides the variable degree of 
sensorial and motor improvement, after 12 months of the first dosage almost all the 
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patients showed noticeable improvements in bowel and bladder control as well as 
evidence of muscle reinnervation in electromyographic studies. Furthermore, half 
of them demonstrated a decrease in spasticity by the Penn and Ashworth scales, and 
after the third dosage of MSCs, all the patients exhibited an increase in the values 
of neurotrophic factors such as brain-derived neurotrophic factor (BDNF), glial-
derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNF), and neu-
rotrophin 3 (NT-3) and neurotrophin 4 (NT-4). However, the difference with the 
basal mean concentration was not statistically significant [90]. Lastly, their third 
study consisted of a phase II clinical trial with the administration of three intrathe-
cal injections of MSCs in nine patients with chronic SCI. However, this time 44.4% 
of the patients demonstrated important improvements in voluntary muscle contrac-
tion, motor power, spasm, spasticity, neuropathic pain, and sexual function (IANR-
SCIFRS scale) along with evidence of muscle reinnervation. In addition, more than 
half of the patients showed improved somatosensory and motor evoked potentials 
[91]. Taken all together, Vaquero and colleagues demonstrate that the subarachnoid 
administration of MSCs is a safe procedure and that the clinical improvement may 
increase in a dose-dependent manner. These results were furtherly supported by 
a study carried out by Oh et al. where a single intramedullary administration of 
MSC in 16 patients with chronic SCI ASIA B demonstrated very limited therapeutic 
efficacy. Only two patients demonstrated enhanced motor recovery [92].

6. Study limitations and future directions for MSCs

Overall, the use of MSCs in SCI appears to be safe and without any major 
evidence of severe adverse reactions. However, the results obtained in the clinical 
trials so far do not concrete the promising results obtained in the preclinical trials. 
This may be due to the fact that preclinical studies normally utilize specific animal 
models with standardized protocols to produce the injury as well as preestablished 
treatments and timing of the transplantation which cannot be replicated in a human 
study. In clinical trials, most of these conditions depend heavily on chance, the trau-
matic event, and the emergency setting which may differ a lot from the controlled 
atmosphere of an animal experiment. In addition, there is a great lack of phase III 
clinical trials due to financial and ethical reasons. As mentioned before, one of the 
few phase III clinical trials held by Oh et al. showed weak and limited therapeutic 
efficacy [92]. Further investigation is needed to determine accurate parameters for its 
clinical use in SCI such as optimal therapeutic protocols involving type, preparation, 
number of cells administered, timing of transplantation, and administration route.

On the other hand, thanks to the technological revolution, scientists have now 
started to investigate the use of MSCs in combination with new biomaterials in 
order to promote tissue repair and to improve cell survival [6]. A study conducted 
by Xiao et al. analyzed the therapeutic effect of MSC transplantation in combina-
tion with a collagen scaffold which is known to support cell migration and adhesion 
[93]. After the transplant the injury status of the patients changed from ASIA A to 
ASIA C accompanied by a significant improvement in motor, sensory, and urinary 
functions [94]. Furthermore, the possibility of combining MSCs with hydrogels is 
particularly appealing due to their capacity to be injected with minimal invasion 
and to be loaded with specific drugs that can be furtherly released in a controlled 
manner [95]. Moreover, MSCs’ ability to induce the production of neurotrophic, 
immunomodulating, and neuroprotective factors needs further investigation in 
order to be fully understood and furtherly enhanced, aiming to improve the clinical 
outcomes. Lastly, the homing properties of the MSCs could be useful to transport 
specific target drugs to the site of the lesion and thus acting as a vector [96].
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7. Conclusion

In conclusion, MSCs represent a practical therapy in the search for a new 
treatment for SCI; this may be due to the fact that MSC therapy presents a large 
spectrum of favorable assets that make it particularly appealing. First, MSCs can be 
isolated from non-embryonic tissues (BM, adipose tissue, UC, and amniotic fluid, 
among others) via noninvasive techniques and are easily preserved and expanded 
in vitro. Furthermore, MSCs possess migratory properties that allow them to be 
administered through different routes and have minimal immunoreactivity towards 
the host, as well as a limited chance of developing a tumor. Numerous clinical trials 
have demonstrated their safety for transplantation in humans as well as their lack of 
any major side effects. However, an enormous improvement in motor recovery and 
sensory function is still missing, bringing out that additional investigation and new 
phase III clinical trials are needed in order to fully understand the mechanism of 
action of MSCs as well as the pathological mechanisms which prevent the restora-
tion of neural circuits in SCI. Lastly, the use of combinatory strategies with specific 
drugs, biomaterials, or neurorehabilitation may be the key factor to translate their 
promising results into the clinical practice.
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by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



26

Paraplegia

[1] Ahuja CS, Wilson JR, Nori S, 
Kotter MRN, Druschel C, Curt A, et al. 
Traumatic spinal cord injury. Nature 
Reviews. Disease Primers. 2017;3:17018

[2] Jain NB, Ayers GD, Peterson EN, 
Harris MB, Morse L, O’Connor KC, 
et al. Traumatic spinal cord injury in 
the United States, 1993-2012. Journal 
of the American Medical Association. 
2015;313(22):2236-2243

[3] Norenberg MD, Smith J, Marcillo A. 
The pathology of human spinal cord 
injury: Defining the problems. Journal 
of Neurotrauma. 2004;21(4):429-440

[4] Kwon BK, Tetzlaff W, Grauer JN, 
Beiner J, Vaccaro AR. Pathophysiology 
and pharmacologic treatment of acute 
spinal cord injury. The Spine Journal. 
2004;4(4):451-464

[5] Bravo G, Ibarra A, Guizar- 
Sahagun G, Rojas G, Hong E. Indorenate 
improves motor function in rats with 
chronic spinal cord injury. Basic & 
Clinical Pharmacology & Toxicology. 
2007;100(1):67-70

[6] Cofano F, Boido M, Monticelli M, 
Zenga F, Ducati A, Vercelli A, et al. 
Mesenchymal stem cells for spinal cord 
injury: Current options, limitations, 
and future of cell therapy. International 
Journal of Molecular Sciences. 
2019;20(11):2698

[7] Wilson JR, Tetreault LA, Kwon BK, 
Arnold PM, Mroz TE, Shaffrey C, et al. 
Timing of decompression in patients 
with acute spinal cord injury: A 
systematic review. Global Spine Journal. 
2017;7(3 Suppl):95S-115S

[8] Keirstead HS, Nistor G, Bernal G, 
Totoiu M, Cloutier F, Sharp K, et al. 
Human embryonic stem cell-derived 
oligodendrocyte progenitor cell 
transplants remyelinate and restore 

locomotion after spinal cord injury. 
The Journal of Neuroscience. 
2005;25(19):4694-4705

[9] Jin MC, Medress ZA, Azad TD, 
Doulames VM, Veeravagu A. Stem cell 
therapies for acute spinal cord injury in 
humans: A review. Neurosurgical Focus. 
2019;46(3):E10

[10] Oliveri RS, Bello S, Biering- 
Sørensen F. Mesenchymal stem 
cells improve locomotor recovery in 
traumatic spinal cord injury: Systematic 
review with meta-analyses of rat 
models. Neurobiology of Disease. 
2014;62:338-353

[11] Baez-Jurado E, Hidalgo-Lanussa O, 
Barrera-Bailón B, Sahebkar A, 
Ashraf GM, Echeverria V, et al. 
Secretome of mesenchymal stem cells 
and its potential protective effects 
on brain pathologies. Molecular 
Neurobiology. 2019;56(10):6902-6927

[12] Quertainmont R, Cantinieaux D, 
Botman O, Sid S, Schoenen J, 
Franzen R. Mesenchymal stem cell graft 
improves recovery after spinal cord 
injury in adult rats through neurotrophic 
and pro-angiogenic actions. PLoS One. 
2012;7(6):e39500

[13] Lu S, Lu C, Han Q , Li J, Du Z,  
Liao L, et al. Adipose-derived 
mesenchymal stem cells protect PC12 
cells from glutamate excitotoxicity-
induced apoptosis by upregulation of 
XIAP through PI3-K/Akt activation. 
Toxicology. 2011;279(1-3):189-195

[14] Voulgari-Kokota A, Fairless R, 
Karamita M, Kyrargyri V, Tseveleki V, 
Evangelidou M, et al. Mesenchymal 
stem cells protect CNS neurons against 
glutamate excitotoxicity by inhibiting 
glutamate receptor expression and 
function. Experimental Neurology. 
2012;236(1):161-170

References



27

Mesenchymal Stem Cells for Clinical Use after Spinal Cord Injury
DOI: http://dx.doi.org/10.5772/intechopen.91839

[15] Lanza C, Morando S, Voci A, 
Canesi L, Principato MC, Serpero LD, 
et al. Neuroprotective mesenchymal 
stem cells are endowed with a potent 
antioxidant effect in vivo. Journal of 
Neurochemistry. 2009;110(5):1674-1684

[16] Zhou C, Zhang C, Chi S, Xu Y, 
Teng J, Wang H, et al. Effects of human 
marrow stromal cells on activation 
of microglial cells and production 
of inflammatory factors induced by 
lipopolysaccharide. Brain Research. 
2009;1269:23-30

[17] Nakajima H, Uchida K, 
Guerrero AR, Watanabe S, Sugita D, 
Takeura N, et al. Transplantation of 
mesenchymal stem cells promotes an 
alternative pathway of macrophage 
activation and functional recovery 
after spinal cord injury. Journal of 
Neurotrauma. 2012;29(8):1614-1625

[18] Crigler L, Robey RC, 
Asawachaicharn A, Gaupp D, 
Phinney DG. Human mesenchymal 
stem cell subpopulations express a 
variety of neuro-regulatory molecules 
and promote neuronal cell survival 
and neuritogenesis. Experimental 
Neurology. 2006;198(1):54-64

[19] Hawryluk GW, Mothe A, 
Wang J, Wang S, Tator C, Fehlings MG. 
An in vivo characterization of trophic 
factor production following neural 
precursor cell or bone marrow stromal 
cell transplantation for spinal cord 
injury. Stem Cells and Development. 
2012;21(12):2222-2238

[20] Lu LL, Liu YJ, Yang SG, Zhao QJ, 
Wang X, Gong W, et al. Isolation and 
characterization of human umbilical 
cord mesenchymal stem cells with 
hematopoiesis-supportive function 
and other potentials. Haematologica. 
2006;91(8):1017-1026

[21] Dasari VR, Veeravalli KK, Dinh DH. 
Mesenchymal stem cells in the treatment 

of spinal cord injuries: A review. World 
Journal of Stem Cells. 2014;6(2):120-133

[22] Miura Y, Gao Z, Miura M, Seo BM,  
Sonoyama W, Chen W, et al. 
Mesenchymal stem cell-organized 
bone marrow elements: An alternative 
hematopoietic progenitor resource. 
Stem Cells. 2006;24(11):2428-2436

[23] Le Blanc K, Davies LC. MSCs-
cells with many sides. Cytotherapy. 
2018;20(3):273-278

[24] Uccelli A, Moretta L, Pistoia V. 
Mesenchymal stem cells in health and 
disease. Nature Reviews. Immunology. 
2008;8(9):726-736

[25] Chamberlain G, Fox J, Ashton B,  
Middleton J. Concise review: 
Mesenchymal stem cells: Their 
phenotype, differentiation capacity, 
immunological features, and 
potential for homing. Stem Cells. 
2007;25(11):2739-2749

[26] Squillaro T, Peluso G, Galderisi U. 
Clinical trials with Mesenchymal stem 
cells: An update. Cell Transplantation. 
2016;25(5):829-848

[27] Baberg F, Geyh S, Waldera-Lupa D, 
Stefanski A, Zilkens C, Haas R, 
et al. Secretome analysis of human 
bone marrow derived mesenchymal 
stromal cells. Biochimica et Biophysica 
Acta, Proteins and Proteomics. 
2019;1867(4):434-441

[28] Chen TS, Arslan F, Yin Y, Tan SS, 
Lai RC, Choo AB, et al. Enabling a 
robust scalable manufacturing process 
for therapeutic exosomes through 
oncogenic immortalization of human 
ESC-derived MSCs. Journal of 
Translational Medicine. 2011;9:47

[29] Devine SM, Cobbs C, Jennings M, 
Bartholomew A, Hoffman R. 
Mesenchymal stem cells distribute to a 
wide range of tissues following systemic 



Paraplegia

28

infusion into nonhuman primates. 
Blood. 2003;101(8):2999-3001

[30] Gao J, Dennis JE, Muzic RF, 
Lundberg M, Caplan AI. The dynamic 
in vivo distribution of bone marrow-
derived mesenchymal stem cells 
after infusion. Cells, Tissues, Organs. 
2001;169(1):12-20

[31] Nitzsche F, Müller C, Lukomska B,  
Jolkkonen J, Deten A, Boltze J. Concise 
review: MSC adhesion cascade-
insights into homing and 
transendothelial migration. Stem Cells. 
2017;35(6):1446-1460

[32] Smith AN, Willis E, Chan VT, 
Muffley LA, Isik FF, Gibran NS, et al. 
Mesenchymal stem cells induce 
dermal fibroblast responses to 
injury. Experimental Cell Research. 
2010;316(1):48-54

[33] Sarojini H, Estrada R, Lu H, 
Dekova S, Lee MJ, Gray RD, et al. PEDF 
from mouse mesenchymal stem 
cell secretome attracts fibroblasts. 
Journal of Cellular Biochemistry. 
2008;104(5):1793-1802

[34] Brandau S, Jakob M, Bruderek K,  
Bootz F, Giebel B, Radtke S, et al. 
Mesenchymal stem cells augment 
the anti-bacterial activity of 
neutrophil granulocytes. PLoS One. 
2014;9(9):e106903

[35] Brandau S, Jakob M, Hemeda H, 
Bruderek K, Janeschik S, Bootz F, et al. 
Tissue-resident mesenchymal stem cells 
attract peripheral blood neutrophils 
and enhance their inflammatory 
activity in response to microbial 
challenge. Journal of Leukocyte Biology. 
2010;88(5):1005-1015

[36] Neirinckx V, Agirman G, Coste C, 
Marquet A, Dion V, Rogister B, et al. 
Adult bone marrow mesenchymal 
and neural crest stem cells are 
chemoattractive and accelerate motor 
recovery in a mouse model of spinal 

cord injury. Stem Cell Research & 
Therapy. 2015;6:211

[37] Laing AG, Fanelli G, Ramirez- 
Valdez A, Lechler RI, Lombardi G, 
Sharpe PT. Mesenchymal stem cells 
inhibit T-cell function through 
conserved induction of cellular stress. 
PLoS One. 2019;14(3):e0213170

[38] Sato K, Ozaki K, Oh I, Meguro A, 
Hatanaka K, Nagai T, et al. Nitric oxide 
plays a critical role in suppression of 
T-cell proliferation by mesenchymal 
stem cells. Blood. 2007;109(1):228-234

[39] Cantinieaux D, Quertainmont R, 
Blacher S, Rossi L, Wanet T, Noël A, 
et al. Conditioned medium from bone 
marrow-derived mesenchymal stem 
cells improves recovery after spinal cord 
injury in rats: An original strategy to 
avoid cell transplantation. PLoS One. 
2013;8(8):e69515

[40] Song WJ, Li Q , Ryu MO, Ahn JO,  
Bhang DH, Jung YC, et al. TSG-6 
released from intraperitoneally 
injected canine adipose tissue-derived 
mesenchymal stem cells ameliorate 
inflammatory bowel disease by inducing 
M2 macrophage switch in mice. Stem 
Cell Research & Therapy. 2018;9(1):91

[41] Song JY, Kang HJ, Hong JS, Kim CJ, 
Shim JY, Lee CW, et al. Umbilical cord-
derived mesenchymal stem cell extracts 
reduce colitis in mice by re-polarizing 
intestinal macrophages. Scientific 
Reports. 2017;7(1):9412

[42] Nakajima K, Obata H, Iriuchijima N,  
Saito S. An increase in spinal cord 
noradrenaline is a major contributor 
to the antihyperalgesic effect of 
antidepressants after peripheral 
nerve injury in the rat. Pain. 
2012;153(5):990-997

[43] Zhang Y, Ge XH, Guo XJ, Guan SB, 
Li XM, Gu W, et al. Bone marrow 
Mesenchymal stem cells inhibit 
the function of dendritic cells by 



29

Mesenchymal Stem Cells for Clinical Use after Spinal Cord Injury
DOI: http://dx.doi.org/10.5772/intechopen.91839

secreting Galectin-1. BioMed Research 
International. 2017;2017:3248605

[44] Rasmusson I, Ringdén O, 
Sundberg B, Le Blanc K. Mesenchymal 
stem cells inhibit lymphocyte 
proliferation by mitogens and 
alloantigens by different mechanisms. 
Experimental Cell Research. 
2005;305(1):33-41

[45] Nasef A, Chapel A, Mazurier C, 
Bouchet S, Lopez M, Mathieu N, et al. 
Identification of IL-10 and TGF-beta 
transcripts involved in the inhibition 
of T-lymphocyte proliferation during 
cell contact with human mesenchymal 
stem cells. Gene Expression. 
2007;13(4-5):217-226

[46] Cho KA, Lee JK, Kim YH, Park M, 
Woo SY, Ryu KH. Mesenchymal stem 
cells ameliorate B-cell-mediated 
immune responses and increase 
IL-10-expressing regulatory B cells 
in an EBI3-dependent manner. 
Cellular & Molecular Immunology. 
2017;14:895-908

[47] Asari S, Itakura S, Ferreri K, 
Liu CP, Kuroda Y, Kandeel F, et al. 
Mesenchymal stem cells suppress B-cell 
terminal differentiation. Experimental 
Hematology. 2009;37(5):604-615

[48] Bronckaers A, Hilkens P, Fanton Y, 
Struys T, Gervois P, Politis C, et al. 
Angiogenic properties of human 
dental pulp stem cells. PLoS One. 
2013;8(8):e71104

[49] Wan J, Xia L, Liang W, Liu Y, 
Cai Q. Transplantation of bone marrow-
derived mesenchymal stem cells 
promotes delayed wound healing in 
diabetic rats. Journal Diabetes Research. 
2013;2013:647107

[50] Berry MF, Engler AJ, Woo YJ, 
Pirolli TJ, Bish LT, Jayasankar V, et al. 
Mesenchymal stem cell injection 
after myocardial infarction improves 
myocardial compliance. American 

Journal of Physiology. Heart 
and Circulatory Physiology. 
2006;290(6):H2196-H2203

[51] Zacharek A, Chen J, Cui X, Li A, 
Li Y, Roberts C, et al. Angiopoietin1/
Tie2 and VEGF/Flk1 induced by MSC 
treatment amplifies angiogenesis and 
vascular stabilization after stroke. 
Journal of Cerebral Blood Flow and 
Metabolism. 2007;27(10):1684-1691

[52] Gu Y, Zhang Y, Bi Y, Liu J, Tan B, 
Gong M, et al. Mesenchymal stem 
cells suppress neuronal apoptosis and 
decrease IL-10 release via the TLR2/
NFκB pathway in rats with hypoxic-
ischemic brain damage. Molecular 
Brain. 2015;8(1):65

[53] Wang F, Yasuhara T, Shingo T, 
Kameda M, Tajiri N, Yuan WJ, et al. 
Intravenous administration of 
mesenchymal stem cells exerts 
therapeutic effects on parkinsonian 
model of rats: Focusing on 
neuroprotective effects of stromal 
cell-derived factor-1alpha. BMC 
Neuroscience. 2010;11:52

[54] Yang C, Wang G, Ma F, Yu B, 
Chen F, Yang J, et al. Repeated injections 
of human umbilical cord blood-derived 
mesenchymal stem cells significantly 
promotes functional recovery in 
rabbits with spinal cord injury of two 
noncontinuous segments. Stem Cell 
Research & Therapy. 2018;9(1):136

[55] Jaramillo-Merchán J, Jones J, 
Ivorra JL, Pastor D, Viso-León MC, 
Armengól JA, et al. Mesenchymal 
stromal-cell transplants induce 
oligodendrocyte progenitor migration 
and remyelination in a chronic 
demyelination model. Cell Death & 
Disease. 2013;4:e779

[56] Bae JS, Jin HK, Lee JK, 
Richardson JC, Carter JE. Bone marrow-
derived mesenchymal stem cells 
contribute to the reduction of amyloid-β 
deposits and the improvement of 



Paraplegia

30

synaptic transmission in a mouse 
model of pre-dementia Alzheimer’s 
disease. Current Alzheimer Research. 
2013;10(5):524-531

[57] Lu P, Jones LL, Tuszynski MH. 
BDNF-expressing marrow stromal cells 
support extensive axonal growth at 
sites of spinal cord injury. Experimental 
Neurology. 2005;191(2):344-360

[58] Cízková D, Rosocha J, Vanický I, 
Jergová S, Cízek M. Transplants of human 
mesenchymal stem cells improve 
functional recovery after spinal cord 
injury in the rat. Cellular and Molecular 
Neurobiology. 2006;26(7-8):1167-1180

[59] Albayrak Ö, Şener TE, 
Erşahin M, Özbaş-Turan S, Ekentok C, 
Tavukçu HH, et al. Mesenchymal stem 
cell therapy improves erectile 
dysfunction in experimental spinal 
cord injury. International Journal of 
Impotence Research. 2019

[60] Valadi H, Ekström K, Bossios A, 
Sjöstrand M, Lee JJ, Lötvall JO. 
Exosome-mediated transfer of mRNAs 
and microRNAs is a novel mechanism of 
genetic exchange between cells. Nature 
Cell Biology. 2007;9(6):654-659

[61] Woodbury D, Schwarz EJ, 
Prockop DJ, Black IB. Adult rat and 
human bone marrow stromal cells 
differentiate into neurons. Journal 
of Neuroscience Research. 
2000;61(4):364-370

[62] Takizawa S. Differentiation of adult 
bone marrow cells into neurons and 
endothelial cells in rat brain after stroke 
in the presence of cytokines. Rinshō 
Shinkeigaku. 2003;43(11):830-831

[63] Kopen GC, Prockop DJ, 
Phinney DG. Marrow stromal cells 
migrate throughout forebrain and 
cerebellum, and they differentiate 
into astrocytes after injection into 
neonatal mouse brains. Proceedings 

of the National Academy of Sciences 
of the United States of America. 
1999;96(19):10711-10716

[64] Jiang W, Ma A, Wang T, Han K,  
Liu Y, Zhang Y, et al. Homing and 
differentiation of mesenchymal 
stem cells delivered intravenously 
to ischemic myocardium in vivo: A 
time-series study. Pflügers Archiv. 
2006;453(1):43-52

[65] De Bari C, Dell’Accio F, Luyten FP.  
Failure of in vitro-differentiated 
mesenchymal stem cells from the 
synovial membrane to form ectopic 
stable cartilage in vivo. Arthritis and 
Rheumatism. 2004;50(1):142-150

[66] Chen J, Chen H, Li P, Diao H, 
Zhu S, Dong L, et al. Simultaneous 
regeneration of articular cartilage 
and subchondral bone in vivo using 
MSCs induced by a spatially controlled 
gene delivery system in bilayered 
integrated scaffolds. Biomaterials. 
2011;32(21):4793-4805

[67] Laverdet B, Micallef L, Lebreton C, 
Mollard J, Lataillade JJ, Coulomb B, 
et al. Use of mesenchymal stem cells for 
cutaneous repair and skin substitute 
elaboration. Pathologie Biologie. 
2014;62(2):108-117

[68] Rooney GE, McMahon SS, Ritter T, 
Garcia Y, Moran C, Madigan NN, et al. 
Neurotrophic factor-expressing 
mesenchymal stem cells survive 
transplantation into the contused 
spinal cord without differentiating into 
neural cells. Tissue Engineering. Part A. 
2009;15(10):3049-3059

[69] Huang JH, Yin XM, Xu Y, Xu CC,  
Lin X, Ye FB, et al. Systemic 
administration of exosomes released 
from mesenchymal stromal cells 
attenuates apoptosis, inflammation, and 
promotes angiogenesis after spinal cord 
injury in rats. Journal of Neurotrauma. 
2017;34(24):3388-3396



31

Mesenchymal Stem Cells for Clinical Use after Spinal Cord Injury
DOI: http://dx.doi.org/10.5772/intechopen.91839

[70] Liu W, Wang Y, Gong F, Rong Y, 
Luo Y, Tang P, et al. Exosomes derived 
from bone Mesenchymal stem cells 
repair traumatic spinal cord injury 
by suppressing the activation of A1 
neurotoxic reactive astrocytes. Journal 
of Neurotrauma. 2019;36(3):469-484

[71] Lankford KL, Arroyo EJ, 
Nazimek K, Bryniarski K, Askenase PW, 
Kocsis JD. Intravenously delivered 
mesenchymal stem cell-derived 
exosomes target M2-type macrophages 
in the injured spinal cord. PLoS One. 
2018;13(1):e0190358

[72] Yang J, Zhang X, Chen X, Wang L, 
Yang G. Exosome mediated delivery of 
miR-124 promotes neurogenesis after 
ischemia. Molecular Therapy--Nucleic 
Acids. 2017;7:278-287

[73] Cui GH, Guo HD, Li H, Zhai Y, 
Gong ZB, Wu J, et al. RVG-modified 
exosomes derived from mesenchymal 
stem cells rescue memory deficits by 
regulating inflammatory responses in 
a mouse model of Alzheimer’s disease. 
Immunity & Ageing. 2019;16:10

[74] Moviglia GA, Fernandez Viña R, 
Brizuela JA, Saslavsky J, Vrsalovic F, 
Varela G, et al. Combined protocol of 
cell therapy for chronic spinal cord 
injury. Report on the electrical and 
functional recovery of two patients. 
Cytotherapy. 2006;8(3):202-209

[75] Pal R, Venkataramana NK, 
Bansal A, Balaraju S, Jan M, Chandra R, 
et al. Ex vivo-expanded autologous 
bone marrow-derived mesenchymal 
stromal cells in human spinal cord 
injury/paraplegia: A pilot clinical study. 
Cytotherapy. 2009;11(7):897-911

[76] Ra JC, Shin IS, Kim SH, Kang SK, 
Kang BC, Lee HY, et al. Safety of 
intravenous infusion of human adipose 
tissue-derived mesenchymal stem cells 
in animals and humans. Stem Cells and 
Development. 2011;20(8):1297-1308

[77] Hur JW, Cho TH, Park DH, Lee JB,  
Park JY, Chung YG. Intrathecal 
transplantation of autologous adipose-
derived mesenchymal stem cells for 
treating spinal cord injury: A human 
trial. The Journal of Spinal Cord 
Medicine. 2016;39(6):655-664

[78] Satti HS, Waheed A, Ahmed P, 
Ahmed K, Akram Z, Aziz T, et al. 
Autologous mesenchymal stromal cell 
transplantation for spinal cord injury: 
A phase I pilot study. Cytotherapy. 
2016;18(4):518-522

[79] Sykova E, Homola A, Mazanec R, 
Lachmann H, Konradova SL, 
Kobylka P, et al. Autologous bone 
marrow transplantation in patients 
with subacute and chronic spinal 
cord injury. Cell Transplantation. 
2006;15(8-9):675-687

[80] Park HC, Shim YS, Ha Y, Yoon SH, 
Park SR, Choi BH, et al. Treatment of 
complete spinal cord injury patients 
by autologous bone marrow cell 
transplantation and administration 
of granulocyte-macrophage colony 
stimulating factor. Tissue Engineering. 
2005;11(5-6):913-922

[81] Geffner LF, Santacruz P, Izurieta M, 
Flor L, Maldonado B, Auad AH, et al. 
Administration of autologous bone 
marrow stem cells into spinal cord 
injury patients via multiple routes 
is safe and improves their quality of 
life: Comprehensive case studies. Cell 
Transplantation. 2008;17(12):1277-1293

[82] Dai G, Liu X, Zhang Z, Yang Z, 
Dai Y, Xu R. Transplantation of 
autologous bone marrow mesenchymal 
stem cells in the treatment of complete 
and chronic cervical spinal cord injury. 
Brain Research. 2013;1533:73-79

[83] Kishk NA, Gabr H, Hamdy S, 
Afifi L, Abokresha N, Mahmoud H, 
et al. Case control series of intrathecal 
autologous bone marrow mesenchymal 



Paraplegia

32

stem cell therapy for chronic spinal cord 
injury. Neurorehabilitation and Neural 
Repair. 2010;24(8):702-708

[84] Jeon SR. Et al, Treatment of spinal 
cord injury with bone marrow-derived, 
cultured autologous mesenchymal stem 
cells. Journal of Tissue Engineering and 
Regenerative Medicine. 2010;7(3): 
316-322

[85] Karamouzian S, Nematollahi- 
Mahani SN, Nakhaee N, Eskandary H. 
Clinical safety and primary efficacy 
of bone marrow mesenchymal cell 
transplantation in subacute spinal 
cord injured patients. Clinical 
Neurology and Neurosurgery. 
2012;114(7):935-939

[86] Cheng H, Liu X, Hua R, Dai G,  
Wang X, Gao J, et al. Clinical 
observation of umbilical cord 
mesenchymal stem cell transplantation 
in treatment for sequelae of 
thoracolumbar spinal cord injury. 
Journal of Translational Medicine. 
2014;12:253

[87] El-Kheir WA, Gabr H, Awad MR,  
Ghannam O, Barakat Y, Farghali HA,  
et al. Autologous bone marrow-
derived cell therapy combined with 
physical therapy induces functional 
improvement in chronic spinal cord 
injury patients. Cell Transplantation. 
2014;23(6):729-745

[88] Mendonça MV, Larocca TF, de 
Freitas Souza BS, Villarreal CF, Silva LF, 
Matos AC, et al. Safety and neurological 
assessments after autologous 
transplantation of bone marrow 
mesenchymal stem cells in subjects with 
chronic spinal cord injury. Stem Cell 
Research & Therapy. 2014;5(6):126

[89] Vaquero J, Zurita M, Rico MA, 
Bonilla C, Aguayo C, Montilla J, et al. An 
approach to personalized cell therapy 
in chronic complete paraplegia: The 
Puerta de Hierro phase I/II clinical trial. 
Cytotherapy. 2016;18(8):1025-1036

[90] Vaquero J, Zurita M, Rico MA, 
Bonilla C, Aguayo C, Fernández C, et al. 
Repeated subarachnoid administrations 
of autologous mesenchymal stromal 
cells supported in autologous plasma 
improve quality of life in patients 
suffering incomplete spinal cord injury. 
Cytotherapy. 2017;19(3):349-359

[91] Vaquero J, Zurita M, Rico MA, 
Aguayo C, Bonilla C, Marin E, et al. 
Intrathecal administration of autologous 
mesenchymal stromal cells for spinal 
cord injury: Safety and efficacy of 
the 100/3 guideline. Cytotherapy. 
2018;20(6):806-819

[92] Oh SK, Choi KH, Yoo JY, Kim DY, 
Kim SJ, Jeon SR. A phase III clinical trial 
showing limited efficacy of autologous 
mesenchymal stem cell therapy for 
spinal cord injury. Neurosurgery. 
2016;78(3):436-447. Discussion 47

[93] Tetzlaff W, Okon EB, Karimi- 
Abdolrezaee S, Hill CE, Sparling JS, 
Plemel JR, et al. A systematic review 
of cellular transplantation therapies 
for spinal cord injury. Journal of 
Neurotrauma. 2011;28(8):1611-1682

[94] Xiao Z, Tang F, Zhao Y, 
Han G, Yin N, Li X, et al. Significant 
improvement of acute complete spinal 
cord injury patients diagnosed by a 
combined criteria implanted with 
NeuroRegen scaffolds and mesenchymal 
stem cells. Cell Transplantation. 
2018;27(6):907-915

[95] Vismara I, Papa S, Rossi F, 
Forloni G, Veglianese P. Current options 
for cell therapy in spinal cord injury. 
Trends in Molecular Medicine. 
2017;23(9):831-849

[96] Wang LJ, Zhang RP, Li JD. 
Transplantation of neurotrophin-
3-expressing bone mesenchymal 
stem cells improves recovery 
in a rat model of spinal cord 
injury. Acta Neurochirurgica. 
2014;156(7):1409-1418



33

Chapter 3

Use of Mesenchymal Stem Cells in 
Pre-Clinical Models of Spinal Cord 
Injury
Gunel Guliyeva, Ricardo A. Torres Guzman, 
Francisco R. Avila Verduzco, Oluwasen O. Akinduro, 
Hugo Guerrero-Cazares, Paola Suarez Meade, Antonio J. Forte, 
Alfredo Quinones-Hinojosa and Rachel Sarabia-Estrada

Abstract

Spinal Cord Injury (SCI) is a devastating disease that causes disruption of 
sensorimotor function below the site of injury. Current management is based 
on surgical decompression of the neural tissue and pharmacotherapy; however, 
there is no gold standard treatment readily available for patients in the clinic. This 
indicates that novel therapeutic strategies for the treatment are still needed in the 
clinical setting. There are several alternatives that are currently under investigation 
for the treatment of this disease, with increasing focus in regenerative medicine 
treatments. Mesenchymal stem cells (MSCs) are one of the most promising can-
didates for stem cell therapy in SCI, as they are easily obtained, have high safety 
profiles, and help with neural regeneration in SCI mainly via release of trophic 
factors, neovascularization, and immunomodulation. In this work, authors provide 
an insight of the available MSC for neural regeneration, their therapeutic role, and 
the potential MSC-based therapies for SCI.

Keywords: mesenchymal stem cells, adipose-derived stem cells, spinal cord injury, 
animal model, stem cell therapy

1. Introduction

Traumatic Spinal cord injury (SCI) is a devastating disease that results in severe 
neural disruption and severe disabilities below the site of injury. Patients are unable 
to regenerate neural tissue after injury, leading to a lifelong disability. The patho-
physiology of SCI is complex, consisting of a primary insult to the cord followed by a 
secondary cascade of events characterized mainly by inflammation, ischemia, ionic 
imbalance, excitotoxicity, and apoptosis [1]. This disease comprises a significant por-
tion of health care expenditure in the United States, with an estimated annual cost of 
7.7 billion dollars [2]. According to the National Spinal Cord Injury Statistical Center 
(NSCISC) in 2019, the incidence of SCI was about 54 cases per million people in the 
United States. SCI is caused by motor vehicle collisions in about 50% of cases, but 
other common etiologies include falls (30%), violent crime (11%), and sports-related 
injuries (9%) [2, 3]. SCI induced paraplegia and quadriplegia causes a significant 
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physical and emotional toll on those inflicted, thus, there is a need for optimized 
strategies to better treat these patients. Although there has been significant invest-
ment into development of novel therapeutic strategies to improve outcomes for these 
patients, there remains little with proven benefit besides aggressive supportive care.

2. Spinal cord injury: standard of care

Spinal cord injuries can be subdivided into multiple groups depending on the 
mechanism of injury, anatomic location of the lesion, type and severity of the 
injury. The basis of treatment is surgical decompression of the spinal cord to pre-
vent secondary damage associated with hypoxia and ischemia [4]. Besides surgery, 
there have been numerous neuroprotective drugs that have been assessed in clinical 
trials, including methylprednisolone, thyrotropin-releasing hormone, nimodipine, 
and naloxone [5–7]. However most of these drugs were ineffective, and some were 
associated with wound healing complications and infections that represents a 
limitation in the management of this population of patients.

The current standard of care for these patients consists of aggressive medical 
management. This includes prevention of secondary injury with strict maintenance 
of mean arterial pressure (MAP) [8, 9]. SCI patients are prone to cardiovascular 
instability, neurogenic shock, respiratory insufficiency, particularly when cervical 
levels are involved, which then leads to further secondary injury [10]. Multiple 
studies have shown improved outcome when these patients are managed in the 
intensive care unit (ICU), with strict monitoring of blood pressure parameters [11, 
12]. Studies have shown that augmentation of MAPs to greater than 85 for 7 days 
is associated with improved outcomes as assessed by American Spinal Cord injury 
Association (ASIA) impairment scale.

Stems cells have become a hot topic of great interest in various fields such as 
cancer biology, regenerative medicine, and SCI. There are multiple types of stem 
cells, with varying capabilities, including embryonic stem cells, (ESC), tissue-
specific stem cells, mesenchymal stem cells (MSCs), and induced pluripotent stem 
cells. (iPSC). MSCs were first discovered in the bone marrow, but since then have 
been grown from other sources such as adipose tissue, amniotic fluid and umbilical 
cord blood, making them more easily accessible. MSCs are typically defined as plastic 
adhering cell populations that can be directed to differentiate in vitro into cells 
of osteogenic, chondrogenic, adipogenic, myogenic, and various other lineages. 
They are known to have a beneficial effect in SCI, via release of trophic factors for 
neuroprotection, neovascularization, and immunomodulation [13–15]. These cells 
naturally secrete various trophic factors, including nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), and vascular endothelial growth 
factors (VEGF). BDNF is of particular interest since it has been shown to induce 
sprouting of corticospinal tracts in animal models of SCI [16]. MSCs derived from 
adipose tissue present unique advantages over other mesenchymal stem cell types 
as bone marrow, umbilical cord, dental pulp and others. In this chapter we’ll focus 
in how MSCs can help in promoting spinal cord recovery after traumatic injury.

3. Mesenchymal stem cell use in the central nervous system

MSCs have been suggested for the treatment of various diseases. MSCs have also 
been proposed as a potential treatment for diabetes, inflammatory bowel disease, 
Parkinson disease, Alzheimer’s disease, osteoporosis, bone regeneration, wound 
healing, skin aging, different inflammatory skin conditions, and others [17–27].
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Among neurologic diseases, the use of MSCs in hypoxic-ischemic encephalop-
athy, multiple sclerosis, and glioma has been considered. The majority of studies 
investigating MSCs’ impact on the treatment of stroke reported a decrease in the 
size of stroke volume and improvement in behavioral outcomes [28]. In animal 
studies, functional improvement, along with decreased seizures and increased 
long term potentiation, was seen in the hypoxic-ischemic encephalopathy model. 
In animal models of multiple sclerosis, demyelination and infiltrates were reduced 
after the treatment with MSCs. In murine studies, targeting of glioma cells with 
MSCs while loading them with viruses, were effective in impeding the growth of 
the tumor [29].

Different stem cell types have been used to treat SCI (Figure 1). Among them, 
MSCs are preferred due to several reasons:

• The simplicity of the isolation process

• The simplicity of cryoprecipitation

• Preservation of regenerative capacity and viability after cryoprecipitation at 
very low temperatures (−80)

• Minimal chances of cellular reaction induction

• High replication speed with high-quality progenitor cells and high potential of 
multilineage differentiation [30]

• Hypoimmunogenicity [31]

3.1 Bone marrow mesenchymal stem cells (BM-MSCs)

The collection of bone marrow tissue for extraction of MSCs is done by aspira-
tion, which is not only invasive and painful for the patient, but also distressing but 
also carries a risk of infection [32]. Nevertheless, these risks are partially negated 
by the intriguing properties of BM-MSCs for neuronal regeneration. One of this 

Figure 1. 
Mesenchymal stem cells can be isolated from different sources (a), and can be expanded in vitro; when cultured 
they have a high proliferative rate (b). When applied to the SCI, they show homing properties, they are 
attracted by chemotactic signals and migrate towards the injured sire (c). Created with BioRender.com



Paraplegia

36

properties is their plasticity potential as it allows them to differentiate into a broad 
spectrum other than mesodermal lineage cells as described by Wislet-Gendebien  
et al. [33] in which bone marrow stem cells were cultured with cerebellar granule 
neurons, inducing the expression the genes sox2, sox10, pax6, fzd, erbB2, and erbB4 
in nestin-positive MSCs. Furthermore, with the help of electrophysiological analy-
ses, they could establish that BM-MSCs neuron-like cells were able to fire single-
action potentials and respond to the stimulation of distinct neurotransmitters such 
as GABA, glycine, and glutamate, concluding that nestin-positive bone marrow-
derived MSCs can differentiate in vitro into excitable neuron-like cells.

Numerous authors have described another characteristic of this type of stem 
cell’s source and are the capacity of MSCs to migrate to the injured tissue – a 
mechanism described as ‘homing’ - especially in BM-MSCs [34]. This characteristic 
makes BM-MSCs source very attractive due to the range of alternatives for applying 
treatment with MSCs to patients other than invasive procedures. Andersen et al. 
[35] put in practice the migration ability by injecting with BMSCs subcutaneously 
to an immune-deficient mouse with a bone fracture. Besides observing the homing 
capacity of MSCs, and is mediated by a wide range of growth factors such as PDGF 
and IGF-1.

BMSCs in a chimeric mice contusion SCI model was more effective in reducing 
the neuropathic pain and motor and thermal sensitivity if BMSCs were injected 
3 days after the injury compared to injections at day 1, 7, or 14 days. This effect 
was mediated through the suppression of p38 MAPK and ERK1/2 activation in 
microglia and macrophages, CREB and PKC-c in dorsal horn neurons in the site of 
the injury and around it, and decreased macrophage infiltration to the epicenter. 
The latter reduces inflammation and restores Blood Spinal Cord Barrier [36]. 
Quertainmont et al. observed improved locomotor skills using open field test in the 
rats treated with BMSCs [37].

3.2 Adipose-derived mesenchymal stem cells (ADSC)

The abundant availability of adipose tissue, its easy accessibility under local 
anesthesia, a less painful procedure for the patients, and no adverse effects on 
animal models treated make this source desirable for the extraction, process, 
and administration to patients [38, 39]. A study conducted by Ohta Y. et al. [40] 
revealed that the secretion of specific growth factors, cytokines, proteases, immu-
nomodulatory factors, and cellular matrix molecules promotes ADSCs’ ability to 
regenerate neural tissue. However, the lack of full functional recovery results and 
the gap of knowledge on the description of the pro-regenerative effects are some 
of the limitations described on the literature on the use of MSCs that needs to be 
addressed in order to improve outcomes on complete functional recovery in in vivo 
models of SCI [41–43].

3.3 Umbilical cord mesenchymal stem cells

Ryu et al. [44] conducted a comparison between four sources of MSCs (Bone 
marrow, adipose-derived, umbilical cord blood, and Wharton’s Jelly) to treat a 
canine model with spinal cord injury. Even though data revealed no significant 
differences in functional recovery among the MSCs groups, they identified essential 
properties such as the promotion of neuronal regeneration and anti-inflammatory 
activity. Umbilical cord stem cells group showed more nerve regeneration, neuro-
protection, and less inflammation with reduced IL-6 and COX-2 levels than other 
MSCs. Moreover, researchers establish improvement in locomotion measured using 
the Olby and modified Tarlov scores eight weeks after the application of MSCs 
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compared with the control group, suggesting that the use of MSCs promotes func-
tional recovery after SCI. Additionally, preclinical studies such as the one carried 
by Chua S. J. et al. [45] have detected cytokines and growth factors known by its 
neuroprotective, angiogenic, and anti-inflammatory effects.

In a compression SCI rat model, both BMSCs and umbilical cord-derived stem 
cells caused similar results and improvement in allodynia, hyperalgesia, and func-
tional recovery. However, UCSCs were more effective in decreasing wind-up levels 
[46]. 13 of 22 patients treated with UC-MSCs were better in daily living activities. 
They had a better motor function, better motor and tactile sensation [47].

3.4 Amniotic fetal mesenchymal stem cells

There are few preclinical studies in animal models that have to use amniotic 
fetal derived stem cells identified in the literature [48]. Nevertheless, the specific 
characteristics of this source of MSCs were observed. For instance, the multipo-
tency, the low risk of immunogenic reaction, the ease of sample processing, and 
the high proliferative capacity, makes amniotic fetal derived stem cells an attractive 
alternative for regenerative medicine [49]. These properties are supported by data 
observed which showed promotion of angiogenesis and support of the surrounding 
tissue surplus the decreased inflammatory response and apoptosis [50–52].

In a rat model of SCI, the impact of two types of MSCs: Human umbilical 
cord blood-derived and Human amniotic epithelial cells were assessed for the 
treatment of SCI-induced thermal hyperalgesia and mechanical allodynia. 
None of them were effective in treating the thermal hyperalgesia. Though both 
improved the mechanical allodynia, human amniotic epithelial stem cells were 
more efficacious [53].

4. Animal models in spinal cord injury

Multiple studies described the administration of MSCs to treat spinal cord injury 
in a variety of animal models such as rodents, primates, sheep, dogs, cats, bovine, 
and even humans. Rodents are the most common animal model used [54], and 
the most appropriate model for spinal cord injury studies [55] since large animals 
and non-human primates are very expensive to care, demand additional managing 
requirements, and have ethical implications to consider when choosing. However, 
the experiments of the latter approximate more to SCIs [56].

The efficacy of MSCs were also observed in cats with SCI. Improvement in the 
cutaneous trunci (panniculus) reflex, pain sensation, bowel, and bladder function 
were noted. However, no significant change in proprioception and hyperreflexia of 
ataxic hind limbs were observed [57]. In dogs with SCI, treatment with BMSCs also 
caused the same clinical improvement with no significant recovery of low proprio-
ceptive and hyperreflexic ataxic hind limbs [58]

4.1 Stem cell delivery methods in SCI animal models

There are currently 3 different methods to deliver mesenchymal stem cells 
(MSCs) in animal models of spinal cord injury (SCI). These are direct implantation, 
intravenous (IV) infusion, and intrathecal infusion. Direct implantation refers to the 
injection of MSCs directly in the injured area of the spinal cord. IV infusion refers 
to the injection of MSCs in a major vein of the animal model (e.g. the tail vein of a 
mouse or rat). Lastly, intrathecal infusion refers to the injection of MSCs directly 
into the subarachnoid space, in the cerebrospinal fluid. The delivery methods 
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described in the following paragraphs concern mainly Sprague-Dawley rats. For a 
summary of advantages and disadvantages of delivery methods, see Table 1.

Direct implantation of the MSCs is done using a small syringe capable if pre-
cisely injecting cells in the damaged area [59], guaranteeing delivery to the desired 
site [60]. This method has been largely favored due to its high cell viability and 
improved survival [61], observed in higher engraftment rates in both acute and 
chronic SCI [59, 61, 62]. However, some authors have expressed concerns regarding 
the translation of this technique to clinical practice. Agglomeration of cells in the 
injection site, needle damage to the adjacent non-injured spinal cord, and failure of 
cell migration to the central parenchyma are some of the most noteworthy disad-
vantages of this delivery method [59–64]. Additionally, if done in humans, direct 
implantation of MSCs would require the patient to undergo general anesthesia and 
an invasive surgical procedure [61].

Since direct implantation of MSCs in humans might pose substantial risks, IV 
and intrathecal infusion were deemed appropriate less invasive surrogates that 
could potentially be clinically used. Damage to the blood-brain barrier (BBB) in SCI 
(particularly in traumatic SCI) allows infiltration of cells and toxic mediators that 
promote further neurologic damage [65]. It was initially thought that this process 
could improve diffusion of MSCs into the spinal cord. However, cell infusion in the 
first 48 hours of injury has shown conflicting evidence, with some authors reporting 
either the presence or absence of MSCs at the lesion site [65, 66]. Nevertheless, 
when present, the cell’s engraftment rate with IV delivery in the spinal cord was 
very low in comparison to other methods [59].

Delivery 
method

Advantages Disadvantages

Intralesional 
delivery

• Precise positioning of cells at lesion 
site.

• Agglomeration of cells at  
injection site.

• Higher engraftment, translating into 
higher cell viability and increased 
survival.

• Needle damage to adjacent 
spinal cord.

• High opportunity of differentiation • Failure of cell migration to the 
central parenchyma.

• Complicated surgical approach 
in animal models.

• Would require an invasive 
surgical approach in humans.

Intravenous 
delivery

• Promotion of an anti-inflammatory 
environment that prevents BBB 
leakage and progressive damage.

• Low engraftment rates.

• Easy administration. • Lowest limb function recovery 
scores.

• Administration of multiple doses • Limited beneficial effects

Intrathecal 
delivery

• Migration of cells to different regions 
of the spinal cord.

• Cell attachment to other regions 
of the central nervous system.

• Highest limb function recovery 
scores.

• Complicated surgical 
approaches in animal models.

Table 1. 
Advantages and disadvantages of the three main MSC delivery methods.
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The low engraftment rates in the spinal cord with IV delivery methods are 
considered a consequence of the cells’ first pass through the systemic circulation. 
MSCs have been observed in the lungs and liver in the first 24-48 hours of IV 
infusion [66, 67], with progressive increase of cell numbers in the spleen in the 
following days [61, 67]. Cell engraftment in the spleen is associated with increased 
levels of anti-inflammatory cytokines (e.g. IL-10, TIMP-1) [67] in plasma, which 
is believed to decrease BBB permeability by inhibiting monocyte adhesion to the 
vasculature, preventing metalloproteinase release and vascular basement mem-
brane degradation [67]. Therefore, the anti-inflammatory environment promoted 
by cells engrafting outside the spinal cord prevents vascular leakage at the lesion 
site, decreasing hemorrhage, inflammation and further damage [66, 67].

IV infusion of MSCs can be done through the femoral vein or the tail vein. In 
rodents, peripheral circulation is mostly accessed through the tail vein [61, 67, 68] 
due to its simplicity when compared to the approach required to access the femoral 
vein [59, 65, 66]. Additionally, inflammation around the site of injury is higher than 
with intrathecal administration but lower than direct injection [59]. Even though 
cells administered IV have low engraftment rates, animals still score better out-
comes in limb function recovery scores and grip strength [67], develop less scarring 
[59, 68], and have higher vascularization, myelination, and axonal density than 
controls [68].

Intrathecal delivery of MSCs can be done via the intracisternal approach (i.e. 
injection into the fourth ventricle) [61, 69, 70] or by laminectomy with injection of 
cells through the dura [63]. When initially injected, cells occupy the whole sub-
arachnoid space, but progressively decrease their number in this anatomical region 
[63]. In contrast to intralesional delivery of MSCs, intrathecally administered cells 
show a more extensive migration in the neural tissue, extending from the dorsal 
spinal cord to its center [61]. Although the number of viable cells is only second to 
the intralesional delivery method [61], a decrease in engrafted cells to 5% of the 
original cell number has been observed after 6 weeks, with some cells attaching to 
the pia mater [63]. Animals with intrathecally delivered MSCs obtain higher scores 
in limb function recovery scores when compared with intralesional and intravenous 
deliveries [61].

The impact of MSCs on SCI resolution can be explained by the following char-
acteristics: immunomodulatory, anti-inflammatory, neurotrophic/neuroprotective, 
and angiogenetic effects. The direct impact on the regeneration of the neurons is 
mainly exerted by neurotrophic and neuroprotective functions. These functions are 
usually mediated by the secretion of neurotrophic factors.

The spinal cord injury occurs in 2 phases. The first phase occurs immediately 
after the trauma and is mediated by damage to the microvascular elements, cellular 
membrane, and the blood-spinal cord barrier. Damage to these three structures 
evokes series of events that give rise to axonal fragmentation, demyelination, cyst 
formation, and expansion and accumulation of the microglia and macrophages 
in and around the injury site, which leads to the secondary injury. The secondary 
injury is characterized by inflammation, ischemia, disruption of ion channels, free 
radical production, glutamatergic excitotoxicity, necrosis, axonal demyelination, 
and glial scar formation [30, 71].

As previously described, MSCs from different sources have been used to treat 
SCI. They can directly be injected to the injury site or intravenously as they have 
the ability to migrate to the epicenter of the injury, demonstrating their homing 
abilities.

Chen et al. reviewed 12 randomized controlled trials on rats and mice and 
showed that stem cell treatment improved the mechanical reflex threshold. For 
the mice, improvement in thermal withdrawal latency was observed. However, no 
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improvement was seen in rat studies [72]. In a rat spinal cord hemisection model, 
BMSCs were noted to promote astrocyte migration to the injury epicenter. In the 
group treated with a combination of the BDNF with platelet-rich plasma, more 
astrocyte migration, and higher rates of remyelination has been documented. This 
group also showed remyelination and oligodendrocytes with higher activity, while 
only the BMSCs group showed axonal demyelination, vacuole and whirled body 
formation [73].

The human ADSC have been shown to be able to convert to the oligodendrocytes 
and to attract oligodendrocyte precursor cells, which, in turn, mediates remyelin-
ation. Unsurprisingly, the treatment caused an improvement in the motor function 
of the animals with focal demyelination [74]. Differentiation of neurotrophic fac-
tors secreting cells from human ADSC to oligodendrocytes was noted in a damaged 
spinal cord rat model. Neurotrophic factors secreting cells promoted remyelination 
and increased thickness of the myelin and the diameter of the axons [75].

In a rat model of spinal cord contusion, rats treated with bone marrow-derived 
Schwann cells experienced better functional recovery. At the same time, the 
size of the cystic cavity decreased, and axonal regeneration was observed [76]. 
Treatment with bone-derived MSCs stimulated axonal growth in the subtotal 
cervical hemisection rat model. An increase in the length of the axons was 
observed [77]. Bone marrow mesenchymal stem cells decreased the cavity volume 
and increased the spared white matter, the length of the neurites, the number 
of axons, and the neurites in a SCI rat model [78]. Rats with a moderate contu-
sion model of spinal cord injury showed better recovery in 2 behavioral tests 
(Bresnahan Locomotor Rating Scale [79] and exploratory rearing [80]). All rats 
experienced a decrease in the size of the cyst cavity and more axons in the injury 
site either through an increase in spared axons or through axon regeneration [80]. 
In a complete spinal cord transection rat model, human umbilical mesenchymal 
stem cells promoted axonal regeneration, and more neurofilament-positive fibers 
around the epicenter of the corticospinal tract injury was observed. Additionally, 
proximal and dorsal to the injury site, fewer microglia and astrocytes with reactive 
features were found [81].

Some studies suggest that the MSCs do not have the ability to convert to 
neural cells. As an example, Quertainmont et al. could not detect the stem cells 
after grafting. The authors described tissue sparing, vascularization in the injury 
epicenter, but no evidence of axonal regrowth [37].

5.  Use of mesenchymal stem cells in spinal cord injury in the clinical 
setting

The use of MSCs in the clinic has been studied thoroughly; however, results 
among studies are not consistent. For example, 5 patients with complete spinal cord 
injury were treated with autologous bone marrow cells and granulocyte macro-
phage-colony stimulating factor, and 4 of them showed neurologic (sensory or 
motor) improvement [82]. There are controversial evidences for both MSC’s ability 
to cause and treat neuropathic pain. In one study, 9 people with SCI got treated with 
MSCs, and 8 of them experienced a reduction or resolution of the neuropathic pain. 
Improvement in peripheral nerve conduction, motor power, and sensitivity was 
noted. Enhancement of the voluntary muscle contraction was explained with active 
muscle reinnervation [83]. All 14 patients with chronic traumatic complete SCI 
treated with BMSCs felt an improvement in sensitivity to light touch and pinprick. 
The majority also experienced sacral sparing, and improvement in urologic and 
motor function [84].
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Treatment with MSCs of 6 traumatic syringomyelia patients with paraplegia 
reduced the size of the syrinx. Additionally, the neuropathic pain either resolved or 
decreased [85]. In one case report, the patient was treated with MSCs and G-CSF, 
and his motor function, tactile and pain sensation were improved after the treat-
ment. However, the patient still reported neuropathic pain, etiology of which was 
unknown [86].

6. Limitations in mesenchymal stem cell delivery

MSC type, dosage, delivery method, and timing of therapy are current obstacles 
in spinal cord injury cell therapy that limit its translation to clinical practice. Bone 
marrow stromal cells, bone marrow mononuclear cells, and neural stem/progenitor 
cells are just some examples of the cell types currently under study for this pur-
pose, with no clear best candidate yet. Cell dosage needs further research since the 
appropriate therapeutic dose is still unclear. Dosage standardization is required to 
build a homogenized body of literature that allows for an appropriate comparison 
of delivery methods. The most appropriate delivery method is still debated since all 
poses unique benefits. Innovative methods such as subpial delivery and stem cell-
derived nanovesicle are promising new alternatives that will be added to the battery 
of delivery techniques [87, 88].

7. Conclusions

Mesenchymal stem cell therapy has shown promising results in spinal cord 
injury repair. Animal studies and clinical trials performed in human patients using 
mesenchymal stem cells suggested that this therapy can be a promising candidate 
for patients suffering from spinal cord injury. MSCs derived from different sources 
offer potential healing in different spinal cord injury conditions.
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Chapter 4

Strategies to Repair Spinal Cord 
Injuries: Single Vs. Combined 
Treatments
Vinnitsa Buzoianu-Anguiano and Ismael Jiménez Estrada

Abstract

Several experimental strategies have been developed in past years for the repair 
of damages evoked in axons, myelin, and motor functions by spinal cord injuries. 
This chapter briefly reviews some of such strategies. On the one hand, it examines 
individual procedures, such as: tissue or cell transplants (i.e. evolving cells of 
the olfactory glia or mesenchymal cells), implants of biomaterials (fibrine and 
chitosan), application of enzymes (chondroitinase and ChABC), growth factors 
(brain-derived neurotrophic factor, BDNF; neurotrophin-3, NT-3; or glial-derived 
neurotrophic factor, GDNF), and drugs (myocyclines or riluzole) among others, 
that induce different recovery degrees in axonal regeneration, myelination, and 
motor performance in experimental animals. On the other hand, it also examines 
the recent strategy of combining some of the previous experimental procedures to 
potentialize the positive effects evoked by each one in experimentally spinal cord 
lesioned animals and explores the possible use of this strategy in future preclinical 
research for the treatment of spinal cord lesions.

Keywords: spinal cord injury, cell therapy, tissue transplants, biomaterials, axonal 
regeneration, neuroprotection, remyelination, motor function, exogen factors

1. Introduction

It is known that the regenerative potential of the central nervous system (CNS) 
is limited by both extrinsic and intrinsic factors, which restrict axonal growth in 
adult animals. These factors include proteins associated with myelin or with the 
formation of a fibroglial scar, which creates a physical and chemical barrier. This 
barrier secretes factors from the extracellular matrix that prevents axonal growth 
after a traumatic spinal cord injury (TSCI) [1].

Among the myelin-associated molecules, there are NogoA, myelin-associated 
glycoprotein (MAG), and oligodendrocyte-associated glycoprotein (OMgp). It has 
been shown that, after a TSCI, these proteins favor the inhibition of axonal and 
neuritic growth as well as the formation of collaterals. In addition, they can form 
aberrant connectivity [2].

The inhibitory activity of NogoA, MAG, and Omgp after a TSCI occurs by the 
activation of these proteins by binding to their NGR1 receptor, which can be anchored 
to the GPI protein (Figure 1). This receptor has been reported to be specific for these 
proteins, promoting the inhibitory effect for axonal growth after TSCI [3]. When 
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NgR1 is anchored to its GPI protein, in its intracellular domain, different co-receptors 
are activated that favor the activation of axonal inhibition signaling. In this activation, 
the two molecules P75 (molecule belonging to the TNF receptor) and TOY (LINGO-1) 
are involved. Activation of this co-receptor complex favors the activation of a RhoA 
kinase, which activates another ROCK kinase, in turn promoting the activation of 
LIM. This LIM kinase can activate the cofilin factor, thus causing the collapse of the 
axonal cone and depolymerization of the actin filaments [3, 4].

On the other hand, the glial reaction, which happens after the injury, promotes 
the recruitment of the microglia, oligodendrocyte precursors, meninges cells, and 
astrocytes in their reactive form at the site of the injury [5]. The result of this cell 
migration is the formation of a physical barrier, the fibroglial scar, which has the 
function of isolating the area of injury from the rest of the tissue, secreting factors 
that cause axonal growth to be inhibited in order to avoid aberrant connectivity. The 
factors that are present in the glial scar are: tenacines, semaphorins, ephrines, and 
chondroitin sulfate proteoglycans [1]. These molecules that are expressed from the 
extracellular matrix after a TSCI promote inhibition of axonal and neuritic growth 
as well as collapse of the axonal cone [6, 7].

The activation of all these molecules is due to an RHO-(RhoA) kinase; by 
activating the RhoA signaling pathway, it causes a decrease in the activity of RAC1 
kinase, through binding to the PTPα receptor (transmembrane protein tyrosine 
phosphatase), in addition to LAR and NGR1 and 3 leukocyte-related phosphatase. 
This causes RhoA to be phosphorylated from Rho-GDP to Rho-GTP, activating 
ROCK kinase, thereby promoting inhibition of axonal growth (Figure 1; [6, 7]).

Figure 1. 
Molecules that inhibit axonal growth. After a TSCI in the injury area, a fibroglial scar forms forming a 
physical barrier preventing axonal growth. At the same time, a chemical barrier is initiated by the activation 
of molecules such as MAG, NogoA, and OMgp secreted by reactive oligodendrocytes, which bind with their 
NGR1, P75, and Lingo receptors; or molecules secreted by reactive astrocytes such as Semaforin 3, Ephrine 
A, RGMa, and CsPG that also bind to their receptors such as IgCAM, EphA, Neoginine, NGR1, and PTPs; 
the union of these receptors with their ligands causes the activation of the RhoA pathway by GDP-GTP 
phosphorylation promoting the activation of ROCK kinase favoring the collapse of the axonal cone, inhibition 
of neuritic growth, and inhibition of axonal growth.
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Other molecules that intervene in the repulsive environment after a TSCI are the 
axonal repulsive guidance molecules (RGM), especially the RGMa isoform, which 
inhibits neuritic growth present at the site of injury (Figure 1). It can also cause 
poor axonal growth and loss of functionality [6, 8]. RGMa is activated when it binds 
to its neoginin receptor, causing an activation of RHO-GEF (guanine exchange 
factor), which in turn activates RhoA kinase. This sparks the activation of another 
ROCK kinase through the phosphorylation of a GTP (guanosine triphosphate). This 
in turn triggers the regulation of various proteins such as MCL (myosin light chain), 
which promotes the inhibition of neuritic growth, the LIM kinase, which causes the 
activation of the actin and cofilin polymerization factor, and CRMP-2 (collapsing 2 
response mediator protein), which causes inhibition of neuritic growth and inhibi-
tion of axonal growth [6].

As we have seen, all these signals foster a repulsive environment for axonal 
growth after a spinal cord injury, which nullifies the regenerative capacity of the 
CNS. Some hypotheses have been proposed for reinnervation after a spinal cord 
injury: (1) long-distance regeneration via creating an appropriate synaptic connec-
tion by branching off new axons, which could make new connections with target 
cells, from originally damaged axons; (2) short-distance regeneration via enabling 
the formation of collateral branches that can form synaptic contacts with neighbor-
ing cells, which, in turn, can connect with the target cells of the damaged axons; 
and (3) growth of preserved axons which can maintain a connection with the target 
cells from the site of injury (Figure 2) [3].

2.  Simple treatments that improve axonal regeneration and locomotive 
function

Based on the previous hypotheses, strategies have been designed with, among 
others, tissue transplants, biomaterials, cell therapies, and exogenous factors to 
favor axonal regeneration, remyelination, and improvement of locomotor func-
tion in animal models with a TSCI. We will discuss some of these strategies in this 
chapter.

Predegenerated peripheral nerve (PPN) transplants have been used to repair 
injuries to the peripheral nervous system (PNS), by being used as a bridge to pro-
mote axonal regeneration and re-functionalization [9], favoring axonal regenera-
tion and refunctionalization after a TSCI, since they act as a neuroprotector in the 

Figure 2. 
Diagram of the proposed strategies for reinnervation after a spinal cord injury. (A) Long distance axonal 
regeneration; (B) short-distance regeneration; (C) growth of preserved axons.
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medulla after transplanting it [10]. Moreover, it helps as a guide for axons to grow 
through the nerve and connect to both proximal and distal axons [11–14].

Axonal growth occurs due to the permissive microenvironment derived from 
Schwann cells and macrophages present in PPNs, which secrete growth factors such 
as GDNF, BDNF, NGF, NT-3, NT-4, and GM-CS [15–17]. In addition, Schwann cells 
form Bügner bands, which support axonal growth [18–20].

3. Use of inert bridges

The use of biomaterial bridges has been an attractive alternative for neuro-
regeneration. Inert bridges are temporary structures that support cell and tissue 
growth. These materials are biodegradable, they can foster mechanical strength, 
they can be fibers or porous channels, and they have the capacity of cell adhesion 
[21]. Hydrogels, which are biocompatible implants for repair after a TSCI, also form 
bridges for regeneration as well as preventing fibroglial scar formation, thus pro-
moting a permissive environment for regeneration. Third-dimensional nanofibers 
have also been designed, which provide better cell adhesion and promote migration, 
cell proliferation, and differentiation [21].

These bridges can be made of biological materials such as collagen or fibronec-
tin; or of natural polymers such as alignate, agarose, or chitosan; or they can also be 
composed of synthetic polymers such as polyhydroxy-α, poly-2-hydroxyethylmeth-
acrylate, or polyethylene glycol [22, 23].

It has been shown that these materials in TSCI models (contusions, transection, 
or hemisections) can favor and direct axonal growth, since they act as bridges [24, 
25]. They have also been found to be compatible when used in combination with 
other treatments such as cell or trophic factors, promoting a permissive environ-
ment for this axonal growth [26–28]. Furthermore, it has been observed that they 
help the adhesion of oligodendrocytes, or Schwann cells, thus favoring remyelin-
ation of damaged axons [29].

4. Cellular therapy

The term cellular therapy (CT) refers to any type of strategy that uses cells as a 
therapeutic agent. Neural transplantation has been used to repair injured SC in both 
acute and chronic phases. The use of cell transplants has been a positive alternative 
for axonal regeneration. Different cell types have been used during these trans-
plants such as: Schwann cells, olfactory ensheathing glia (OEG) cells, embryonic 
stem cells, hematopoietic cells, neural stem cells and bone marrow stromal cells 
(BMSCs) [30].

4.1 Schwann cells

In the PNS, unlike the CNS, regeneration is efficient due to the presence of 
Schwann cells (Cs). Cs have been used to perform transplants in different animal 
models since they are capable of: engulfing cellular debris, producing trophic 
factors necessary for the survival of the neuron (especially brain-derived neuro-
trophic factor (BDNF) and neurotrophin 4/5 (NT4/5)), secreting cell matrices of 
inhibitory molecules that help axonal regrowth, and producing myelin layers to 
envelop the naked axons and increase the impulse speed of nerve cells to improve 
their functioning [31]. In rodent models, Cs implants have been shown to foster 
remyelination, thus improving motor functions in contusion and complete section 
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injuries [32, 33]. Combination with other materials has also been shown to help 
guide axonal regrowth after a TSCI [34, 35].

4.2 Olfactory ensheathing glia cells

Olfactory ensheathing glia cells (OEG) are a type of glial cells that are present 
in the olfactory system of adult mammals. In both acute and chronic injuries, OEGs 
have been shown to have the ability to promote axonal regeneration and help restore 
axonal conduction after TSCI [36].

Ramón-Cueto et al. demonstrated that OEG aided in the regrowth of sensory 
axons after spinal injury [37]. Doucette et al. described the survival of the OEG 
after having transplanted them in brain [38]. In contusion and transection models, 
the ability of OEGs to help protect the tissue after transplantation has been demon-
strated, since they promote axonal growth and favor the improvement of locomotor 
function [39, 40]. OEGs have been said to have similar properties to Schwann cells 
and astrocytes, which make them unique. This cell type has two important benefits: 
they can exist both inside and outside the central nervous system, and they can be 
in constant neurogenesis, producing sensitive neurons in both embryonic and adult 
stages in mammals [41].

4.3 Mesenchymal cells

Mesenchymal stem cells, or mesenchymal stromal cells (MSCs), are adult mul-
tipotent cells that have the capacity for self-renewal, proliferation, and differentia-
tion. MSCs are an alternative for the experimental treatment of a spinal cord injury 
(contusions, transection, or ischemia). They have shown that they favor axonal 
regeneration and improve locomotor function [42–45]. They also have the ability to 
form bridging cell bundles at the TSCI epicenter [45–48] and can be differentiated 
both in vitro and in vivo in neurons, astrocytes, oligodendrocytes, Schwann cells, 
and microglia [49, 50].

Vaquero and colleagues have observed that after a TSCI, the use of MSCs and 
Schwann cells as therapy was beneficial not only because they observed axonal 
regeneration, but also because at different times (up to 9 months with transplanta-
tion), animals with severe contusions eventually recovered locomotive function 
(with a score of 16 on the BBB scale) [51–55]. Other studies have shown that MSCs 
give positive results when used in diseases or damage the nervous system by secret-
ing growth factors such as neural growth factor (NGF), brain-derived neurotrophic 
factor (BDNF), neurotrophin 3 (NT-3), basic fibroblast growth factor (bFGF), 
vascular endothelial growth factor (VEGF), and hepatocyte growth factor (HGF). 
They can also secrete cytokines such as interleukin-6 (IL-6), colony stimulating 
factor 1 (CSF-1), monocyte chemoattractant protein (MCP), colony stimulating 
factor (CSF), and stromal cell derived factor (SDF-1) [42, 56]. In addition, they 
promote angiogenesis, proliferate after transplantation, aid neuronal survival, and 
decrease apoptosis [56]. Moreover, another important factor of MSCs is the immu-
nomodulatory effect, since they are capable of secreting soluble inflammatory-
mediating factors such as indolamine 2–3 dioxygenase (IDO), inducible nitric oxide 
synthase (iNOS), and homo-oxygenase 1. They can also secrete the human leuko-
cyte G antigen, transforming factor β (TGF-β), interleukin 6 (IL-6), and prosta-
glandin E2. These soluble factors promote the inhibition of CD4+CD8+ T cells [57]. 
It has been shown in contusions and compressions that using MSCs helps decrease 
proinflammatory cytokines such as TNF-α and IL-6, and promotes the secretion of 
anti-inflammatory cytokines such as IL-4, IL-10, and IL-13, which promotes the 
activation of M2 macrophages by fostering a neuroprotective environment [58, 59].
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5. Exogenous factors

Neurotrophins are structural proteins consisting of four families, which are 
involved in events in the development of the CNS such as survival, differentiation, 
and axonal growth. Among these, we find neuronal growth factor NGF, neuro-
trophin 3 (NT-3), neurotrophin 4/5 (NT-4/5), and brain-derived growth factor 
(BDNF). These neurotrophins bind directly to Trk receptors (tropomycin kinase 
receptors): NGF binds to its TrkA receptor, BDNF and NT4/5 bind to the same TrkB 
receptor, and NT-3 binds to its TrkC receptor. They also have a high affinity for the 
p75 receptor, NTR [60].

Studies on contusions, transections, and hemisections have shown that the 
most studied neurotrophins are BDNF and NT-3. The use of BDNF has been seen to 
promote neuroprotection, form collateral branches, and promote plasticity [61]. It 
also favors axonal growth, thus improving locomotor function [62, 63]. Moreover, 
in different models of contusion, transection, and hemisections, it was demon-
strated that the exogenous use of NT-3 favors axonal regrowth and improvement of 
locomotor function [64, 65].

As for NGF and NT4/5, they are the least studied within TSCI models. NGF has 
been shown to promote the growth of sensory axons [66, 67], and in a contusion 
study, it reduced neuronal death, thus promoting an improvement in locomotive 
function [68]. NT4/5, like BDNF, can promote neuroprotection and axonal growth 
in a full-section model [69].

Another factor used chondroitinase ABC (ChABC), an enzyme from the bacteria 
Proteus Vulgaris. ChABC can bind to the chains of the GAG  glycosaminoglycans, 
within the disaccharides, which favors the digestion of chondroitin sulfates (CSPGs) 
[70]. It has been seen that both in hemisection and transection models, this enzyme 
favors axonal growth [71, 72]. Moreover, in the presence of growth factors such 
as NT-3 and BDNF, it promotes the proliferation of oligodendrocytes, increasing 
remyelination and favoring improvement in locomotor function [71, 73, 74].

6. Pharmacological use

Successful drug trials on animals have been carried out and have advanced to 
human clinical trials; however, none of them has shown a clear improvement on 
patients. Some of the drugs used in TSCIs will be mentioned.

Methylprednisolone (MPP) is a synthetic steroid from the glucocorticoid 
group, which is used for its immunosuppressive and anti-inflammatory proper-
ties. Its mechanism of action is to inhibit the formation of arachidonic acid and 
decrease inflammation. In studies of animals with a TSCI, it has been observed that 
the administration of MPP favors the reduction of apoptosis. It also induces the 
interaction with the glucocorticoid receptor HIF-1α, which decreases the damage 
of oligodendrocytes [75]. In clinical studies with acute injuries, the use of MPP has 
been shown to improve functionality and sensitivity when compared to patients 
who only took the placebo [76–78].

Another drug used is riluzole, a benzothiasilic anticonvulsant, which acts as a 
blocker of sodium channels. Fehlings and colleagues compared the effect of riluzole 
with phenytoin in an acute contusion injury model, where they observed promoted 
functional recovery [79]. In studies with patients with acute injury, riluzole has 
been observed to prompt sensory and locomotor improvement [80].

Minocycline, a second-generation synthetic tetracycline, has also been used as 
an antibacterial agent. This medication can stay in the CNS longer than the usual 
tetracycline since it can cross the blood-brain barrier. It can act as a neuroprotector 
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by reducing inflammation and preventing cell death [81]. In studies with patients 
with acute cervical and thoracic injuries, it was observed that the administration 
of minocycline did not cause side effects in patients. Additionally, in patients with 
cervical injuries, it improved locomotor function when compared to patients who 
took only the placebo. However, in patients with thoracic lesions, no changes were 
observed. In this study, it was concluded that the effect of minocycline with more 
patients should be evaluated to verify its efficacy [82].

7. Combined treatments

As described in previous paragraphs, the use of different strategies as simple 
treatments in TSCI models promotes neuroprotection, axonal growth, and remy-
elination of damaged axons, and facilitates the improvement of locomotor function. 
Therefore, it has been determined that the combination of different strategies 
should be able to more effectively facilitate axonal growth and remyelination, help-
ing to increase locomotor function.

The effect of using PPN transplantation in combination with ChABC or growth 
factors has been evaluated. It was shown that the animals with combined treatment 
had a greater number of regenerated axons and an increase in the improvement of 
locomotor function, unlike those animals with simple treatment [83, 84]. It was also 
demonstrated that by, in comparison with single treatments, combining PPN with 
FGFα, and PPN with ChABC, a favorable microenvironment was formed, increas-
ing axonal growth [11, 85].

The effect of MSCs combined with chitosan bridges or with growth factors such 
as the granulocyte colony-stimulating factor (G-CSF) has also been studied, and 
it was observed that animals on combined treatments, compared to simple treat-
ments, had greater axonal growth, thus improving locomotor function [46, 86]. In a 
chronic phase compression model, the combination of MSCs with ChABC increased 
axonal growth in comparison to single treatments [87].

It was also observed that animals, after 2 months of PPN and MSC transplants 
in a full-section model, had a greater number of growing axons by detecting GAP43 
as well as an improvement in remyelination by detection of PBM and by electron 
microscopy, unlike animals treated with simple transplantation [88]. When making 
a triple combination of PPN with MSCs and ChABC, an increase in axonal regen-
eration was observed after 3 months, improving locomotor function [89].

On the other hand, the combination of ChABC with growth factors such as 
BDNF and NT-3 can promote greater axonal growth and favor the proliferation of 
oligodendrocytes, thus increasing remyelination compared to animals that only had 
separate treatments [71, 73, 74]. Also, in a full section model in the acute phase, the 
combination of ChABC with NT-3 increased axonal growth and improved locomo-
tor function, unlike groups with single treatments [73]. It was also demonstrated in 
a chronic transection model that a ChABC injection with rehabilitation inhibited 
the formation of chondroitin sulfates, promoting increased axonal growth, unlike 
single treatment groups [72].

8. Clinical trials

Independent of the type of traumatic spinal lesión (contusion, compression, or 
sectioning), the treatment of a spinal cord injury patient often begins at the site of the 
accident. Emergency personnel must gently and quickly immobilize and check the 
vital signs (urine retention, respiratory, and cardiovascular difficulty and formation 
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Treatment Function Advantages Disadvantages References

Neuroprotective

Methylprednisolone Corticosteroid 
drug that reduces 
inflammation

It has been shown 
in patients with 
complete SCI 
that improves 
locomotor function

Adverse events, 
infections, 
pneumonia, 
sepsis

[90–92]

Minocycline Tetracycline, 
second generation 
antibiotics, with 
anti-inflammatory, 
antioxidant and anti-
apoptotic effects

In patients with 
incomplete acute 
lesions, only 
very few present 
improvements in 
motor functions

No side effects 
are present

[90–92]

Riluzole Anti-epileptic 
drug that blocks 
excitotoxic, blocking 
sodium channels

Increased motor 
function of 
patients with 
incomplete acute 
injuries

Increments of 
liver enzymes

[90–92]

Gacycline NMDA receptor 
agonist

Patients with 
incomplete acute 
injuries showed no 
motor or sensory 
improvement

No adverse 
effects

[90–92]

Neuroregenerative

FGF Growth factor that 
binds to heparin 
protein and stimulates 
axonal regeneration, 
survival of neurons 
and decreases the 
fibroglial scar

No changes 
in motor and 
sensory function 
were observed 
in patients with 
complete spinal 
cord lesions

No side effects [91, 93–95]

Cethrine Transferase C3, 
toxin produced 
by Clostridium 
botulinum that blocks 
Rho kinase

Promotes axonal 
regeneration and 
improves the 
motor function 
of patients with 
complete acute 
phase injuries

No adverse 
effects

[91, 93–95]

Anti-Nogo A Nogo A is a myelin 
protein that inhibits 
neuronal growth. 
Anti-NogoA antibody 
that inhibits Nogo A 
and promotes axonal 
regeneration

In patients with 
complete acute 
phase injuries, 
they showed no 
differences in 
motor and sensory 
function

No adverse 
effects

[91, 93–95]

Ganglioside GM1 Gangliosides— acidic 
glycoproteins present 
in cell membranes, 
which favor axonal 
regeneration

In patients with 
incomplete acute 
injuries improves 
motor function

No adverse 
effects

[91, 93–95]

Schwann cells Myelinizing cells that 
function as an axonal 
support. They favor 
the myelinization of 
axons in the PNS

In patients with 
chronic complete 
injury it has been 
shown to promote 
motor and sensory 
recovery

Produce 
few adverse 
effects, muscle 
spasms and 
non-permanent 
paresthesia

[91, 93–95]
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of coagules in extremities) and prepare the patient for transport. In the clinic, doc-
tors may apply anti-inflammatory drugs or lower the body temperature—a condition 
known as hypothermia—for 24–48 h to help prevent damaging inflammation. The 
patient is subjected to a careful medical inspection and examination, testing for 
sensory function and movement, and by asking some questions about the accident. In 
addition, X-rays, computerized tomography (CT) scanning, and/or magnetic reso-
nance imaging (MRI) tests may be needed to reveal vertebral (spinal column) prob-
lems such as: tumors, fractures or degenerative changes in the spine, herniated disks, 
blood clots, or other masses that may be compressing the spinal cord. Often, a surgery 
intervention is necessary to remove fragments of bones, foreign objects, herniated 
disks, or fractured vertebrae that appear to be compressing the spine. Subsequently to 
these tests, doctors begin to analyze which treatment will be applied to the SCI patient.

Over the past few decades, several therapeutic strategies have been developed to 
target TSCI pathology in clinic, including single and combined treatments with the 
main objective to cover two important aspects: neuroprotection and neuroregenera-
tion. Table 1 summarizes several clinic trials used for the treatment of TSCI, which 
have advantages and disadvantages in their application. However, it needs to be 
mentioned that until now there are no effective treatments for TSCI, which promote 
complete regeneration and restoration of motor and systemic functions in humans. 
Since spinal cord injury research has relied on animal models to understand the 
mechanisms of disease and develop pre-clinical models of treatment, there is 
no successful translation from pre-clinical to patient interventions that could be 
attributed to the limited understanding of biological differences between human 
and animal model systems.

Treatment Function Advantages Disadvantages References

Olfactory 
ensheathing cells

Glial cells, with 
astrocyte properties. 
Promote axonal 
regeneration and 
improves locomotor 
function

In patients 
with chronic 
complete injuries 
showed scarce 
improvement in 
motor function

No adverse 
effects

[91, 93–95]

Mesenchymal cells Induce the secretion 
of growth factors 
and promotes 
axonal regeneration, 
myelination and 
improvement of 
function

In patients with 
chronic complete 
injuries, it has 
been shown to 
promote motor 
improvement

No adverse 
effects

[91, 93–95]

Neural precursor 
cells

Multipotent CNS 
cells that reduce 
inflammation, 
promote cell 
replacement, and 
promote axonal 
regeneration

Patients with 
complete chronic 
injuries shows few 
improvements in 
motor function

No adverse 
effects

[91, 93–95]

Oligodendrocyte 
progenitor cells

They are able to 
secrete growth 
factors, promote 
axonal myelination 
and improved 
locomotor function

In patients with 
chronic complete 
injuries improves 
their motor 
function

No adverse 
effects

[91, 93–95]

Table 1. 
Clinical trials of treatments for spinal cord injuries.
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9. Conclusions

As it can be seen, in this chapter, some of the strategies used in models of spinal 
cord injury were discussed, showing that they favor axonal regeneration, remyelin-
ation, and improvement of locomotor function. However, they have been insuf-
ficient as single treatments for preclinical and clinical therapies, which leads us to 
propose that the best option when dealing with TSCIs is to use combined treatments 
to increase the beneficial effects of each of the strategies, which could yield optimal 
results in clinical practice.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Paraplegia is the damage or loss of function in motor and/or sensory abilities. 
This insult can be observed in the thoracic, lumbar, or sacral parts of spinal column. 
Besides, paraplegia may be occurring because of any injuries or diseases of the 
lower segments or peripheral nerves or by cerebral palsy (CP). This damage can 
be seen as a result of a tumor or blood clot on the spinal cord. By now, there is not 
any curative treatment for paraplegia. Using mesenchymal stem cells (MSCs) in 
the treatment of spinal cord injury is a promising tested strategy because of their 
simplicity of isolation/preservation and their properties. Several preclinical studies 
in this field can be found; however, MSCs showed weak and conflicting outcomes in 
trials. In this chapter book, we will discuss about the therapeutic role of these cells 
in the treatment of paraplegia, with emphasis on their characterization, relevance, 
boundaries, and prospect views.

Keywords: paraplegia, stem cell therapy, mesenchymal stem cell, preclinical study, 
clinical study

1. Introduction

Paralysis of the lower parts of the body (paraplegia) can be caused by any damage 
to the spinal cord [1, 2]. Traumatic and nontraumatic injuries are classifications of 
this disease [3]. Paraplegia causes severe and in most cases lasting changes in the 
patient’s lifetime and lifestyle [4, 5].

Attempts to find a complete cure for paraplegia and several discoveries show 
that in adult mammalian, by the preparation of appropriate microenvironment, 
regeneration of spinal cord axons can be obtained [6]. But then, why can we see 
the huge delay in the processing of bench to bedside in spite of these findings? 
Unfortunately, spinal cord scientists find a new barrier in the regeneration field. In 
fact, axons do regenerate up and down through a graft or transplant placed at the 
damage site; however, when they reach healthy cord tissue beyond the injury zone, 
they fail to regenerate more at once [7]. The most important cause for this provi-
sion is that the axons of neural networks need to cross through during sufficient 
stabilized conditions which are unreceptive and intractable to new restoration. 
Successful elongated distance regeneration is probable only within destabilized 
neural tissues [8].
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Recently, rapid progresses in multipotent stem cell (routinely called mesenchymal 
stromal/stem cells) investigations increase the interest of scientists to study about the 
cell therapy and regenerative medicine [9–11].

Mesenchymal stem cell transplantation in patients suffering paraplegia is con-
sidered as a strategy for increasing neuroregeneration [12–14]. Notably, because of 
the disproportion in the technique and method of MSC preparation for paraplegia 
treatment like how they administrate and which criteria are chosen for selecting 
patients, MSC transplantation is in the initial stages, and there is confusion about 
the consequences at present [15].

MSCs have various sources in the body including the bone marrow [16, 17], 
adipose [18], muscle [19], peripheral blood [20], umbilical cord [21–23], placenta 
[24], endometrial [25, 26] and menstrual blood [27–29], fetal tissue [30], and 
amniotic fluid [31]. Previous finding indicated that these clonal cells can adhere 
to plastic; express cluster of differentiation (CD) markers like CD73, CD90, and 
CD105 markers [32]; and can differentiate into adipogenic [33], chondrogenic [34], 
osteogenic [35, 36], and neurogenic [37–39] lineages in the experimental condition 
(in vitro). However, it can be observed many different reports in their strength 
and self-renewal potential [40]. Accordingly, when we compare previous surveys, 
variable or even conflicting results can be seen. The lack of uniform methods in MSC 
characterization, both in preclinical and clinical studies, contributes to this confu-
sion. It is interesting that even the name “MSCs” has still been gradually questioned. 
Actually, an urgent demand is required to understand the novel sources and poten-
cies of MSCs especially for applying in SCI treatment.

Previous findings showed that the optimistic effect of MSC in treatment of 
spinal cord and peripheral nerve injury ascribed to their differentiation ability. 
They can differentiate into various cell lineages and modulate the inflammation 
process and immunomodulatory responses. [41] MSCs can diminish cell apoptosis 
and secrete various neurotrophic factors [42, 43].

According to previous studies, transplanting enough cells is important to obtain 
the best outcome after MSC transplantation and also applying especial techniques 
for achieving the highest possible survival of MSCs. Likewise, it seems that repeated 
doses of MSC therapy might be helpful [44].

Findings obtained about clinical trials for SCI treatment demonstrated that 
the efficacy of MSCs in human studies is not beneficial like in preclinical studies 
[45]. For these reasons protocol standardization of basic and preclinical studies 
using MSCs should emphasize to translate to the clinical setting. This chapter book 
is based on preclinical studies and clinical trials dealing with MSC therapy for 
paraplegia with emphasis on the challenges in this field.

2. Paraplegia: mechanisms of degeneration

SCI is included in two mechanisms: primary and secondary damage. When the 
direct physical injury to the spinal cord happened like any contusion, compression, 
contraction, and laceration, it can be called primary injury [46]. In this condition, 
axons separate from each other, mechanical injury to cells occurs directly, and blood 
vessels rupture. The progress of the injury site can occur in secondary phase, and 
it can be led to the restorative process [47]. This phase is including alterations in 
concentration of local ionic, blood pressure dysregulation (local and systemic), 
decrease of blood flow in the spine, disruption in the blood-brain barrier (BBB), 
diffusion of proteins from serum into the spinal cord, alterations in inflammatory 
chemokines and cytokines, cell apoptosis, excitotoxicity, activation of calpain 
proteases, accumulation of neurotransmitter, production of free radicals, lipid 
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peroxidation, and activation of matrix metalloproteinases (MMPs). All of these 
changes can lead to demyelination of axons and also ischemia, necrosis, and 
apoptosis of spinal cord tissue [48]. As a result of these alterations, the inhibitory 
prospect overcomes, and axonal regrowth constrains. By this reason, injured axons 
cannot regenerate for a second time [49].

3. Mesenchymal stem cells: a historical outline

The pathologist Cohnheim in 1867 could show the first evidence of nonhematopoietic 
stem cells in the bone marrow (BM) and their potency to be the source of fibroblasts 
involved in wound healing [50]. However, only a century later (50 years ago), the isola-
tion and culture of these cells in an experimental condition successfully could be done. 
Friedenstein and his colleagues found that, when isolated cells from the rat bone marrow 
are cultured, a population of fibroblastic-shape nonhematopoietic cells that adhered to 
the plastic of the cell culture dish could be seen. Then these cells were called as a colony-
forming unit fibroblast (CFU-F). These cells were capable of self-maintenance and 
multi-lineage differentiation like adipocytes, chondrocytes, and osteocytes in vitro and 
also could support hematopoietic stroma when a single cell was transplanted into animal 
models [51]. In 1988, Owen showed that a stromal system existed, with a stromal stem 
cell (CFU-F) at the base of the hierarchy, popularizing the stromal cell terminology [52]. 
Altogether, this information was generated from in vivo studies.

Only in 1992, Haynesworth and his colleagues enriched and expanded cells in 
culture with the osteochondrogenic potential of the human bone marrow [53]. In 
the early 1990s, the proliferation and differentiation potency of these cells in an 
experimental condition and also multipotency and self-renewal properties after 
transplantation lead to characteristics of the “stemness” [54]. Thus, the term mes-
enchymal stem cell (MSC) was proposed by Caplan for progenitor cells, which were 
isolated from the human adult bone marrow (BM) instead of the term “stromal” or 
“osteogenic” stem cell and acquired a broad recognition [55]. Figure 1 shows the 
representation of the most imperative results related to MSC discovery, character-
ization, and clinical relevance.

Figure 1. 
Representation of the most significant findings associated with MSC discovery, description, and clinical 
purpose.
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4.  Preclinical researches using mesenchymal stem cells for paraplegia 
treatment

Transplantation of MSCs has been well established by several researchers. MSCs 
have significant effects on the several cellular and molecular cascades. Therefore, 

Animal Type of 
lesion

Cell source Route of 
administration

Effects 
on neural 
regeneration

Ref.

Rat Contusion Human 
mesenchymal 
precursor 
cells

Lesion site Functional 
recovery 
enhancement 
and tissue 
sparing and cyst 
volume decrease

[69]

Rat Contusion Human bone 
marrow 
MSCs

Lesion site, 
intracisternal, 
intravenous

Improvement 
in functional 
recovery

[70]

Rat Hemisection Bone marrow 
MSCs 
induced in 
Schwann cells

Lesion site Progress in 
locomotor 
and sensory 
scores, axonal 
regeneration and 
remyelination

[71]

Rat Contusion Bone marrow 
MSCs

Lesion site, 
intravenous

Enhancement 
in locomotor 
scores and 
nerve growth 
factor (NGF) 
expression

[72]

Rat Transection 
to the dorsal 
columns and 
tracts

Bone marrow 
MSCs, 
adipose 
derived-MSCs

Lesion site Progress in 
locomotor 
scores, increased 
angiogenesis, 
preserved axons, 
reduced numbers 
of ED1-positive

[73]

Rat Hemisection Human 
umbilical 
cord-derived 
MSCs

Lesion site Suppression 
of mechanical 
allodynia 
modulation of 
microglia in the 
spinal cord

[74]

Rat Hemisection Human bone 
marrow 
MSCs

Lesion site Improvement 
of locomotor 
aspect, shorter 
latency of 
somatosensory-
evoked 
potentials and 
different cell 
types

[75]

Rat Hemisection Bone 
marrow-MSCs

Lesion site Enhancement in 
locomotor aspect 
and reduction 
of lesion cavity 
formation

[76]
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Animal Type of 
lesion

Cell source Route of 
administration

Effects 
on neural 
regeneration

Ref.

Rat Contusion Human bone 
marrow 
MSCs

Lesion site Improvement 
in functional 
recovery, tissue 
sparing and 
decrease in the 
volume of lesion 
cavity and in the 
white matter loss

[77]

Mouse Compression Bone marrow 
MSCs

Lesion site Improvement in 
locomotor and 
sensory scores 
and reduced 
lesion volume

[78]

Mouse Transection Bone marrow 
MSCs

Lesion site Improvement 
in functional 
recovery and 
neuronal 
survival, 
reduction of 
cavity volume 
and decrease of 
inflammation, 
progress in 
angiogenesis, 
and reduction of 
cavity formation

[79]

Dog Compression Bone marrow, 
adipose, 
Wharton’s 
jelly, 
umbilical 
cord derived 
MSCs

Lesion site Improvement 
in functional 
recovery 
scores, elevated 
numbers of 
surviving 
neurons, lesser 
lesion sizes and 
fewer microglia, 
and reactive 
astrocytes in the 
epicenter of the 
lesion

[80]

Dog Compression Neural-
induced 
adipose 
derived-MSCs

Lesion site Improvement 
in functional 
recovery and 
neuronal 
regeneration 
and decline of 
fibrosis

[81]

Dog Compression Umbilical 
cord MSCs

Lesion site Improvement 
in functional 
recovery, 
promotion 
of neuronal 
regeneration, 
and diminishing 
of fibrosis

[82]

Dog Compression Human 
umbilical 
cord MSCs

Lesion site Amelioration 
in functional 
recovery and 
remyelination

[83]



Paraplegia

72

they can be regarded as a possible candidate for treating of CNS diseases [56]. MSCs 
have anti-inflammatory representation [57], immunomodulatory regulation [58, 59], 
and neuroprotective [60] effects. Moreover, previous findings showed that these cells 
could secrete trophic factors; thus they could motivate axon regeneration finally lead-
ing to functional recovery improvement [61, 62].

Regarding to the paracrine effect, MSCs can produce trophic and neurotropic 
factors such as insulin-like growth factor (IGF), brain-derived neurotrophic factor 
(BDNF) [63], vascular endothelial growth factor (VEGF) [64], granulocyte-
macrophage colony-stimulating factor (GMCSF), fibroblast growth factor-2 (FGF2) 
[65], and transforming growth factor beta (TGF-β) [66]. In addition, gene therapy 
is another field that MSC therapy can be combined with, for example, introducing 
special genes into MSCs to generate molecules that have great curative ability and 
can increase neural survival and regeneration [67, 68]. Table 1 presents a summary 
of preclinical studies by applying MSCs for paraplegia.

5. Clinical trials using mesenchymal stem cell for paraplegia

The clinical trials conducted for the treatment of paraplegia include three different 
phases. Phase 1 trials begin with the cell transplantation to a human participant, and 
the aim of these trials is to study any events such as adverse or toxic effects and also 
the safety of this intervention. During these trials, subjects may be exposed to some 
risks and obtain low benefits at the end. In phase 2, the goal of the trial is to determine 
the potential and variety of an intervention compared to a control group. Typically, 
the participants are recruited and arbitrarily assigned to the groups as experimental 
or control, and both participants and investigators are in blind condition, which 
means they do not have any insight about which of them have been assigned [86]. In 
phase 3, the conclusive clinical trial and the objective normally affirm the preliminary 
results obtained at the phase 2, with a significant clinical profit of the therapeutic 
intervention which has been proved by statistic methods. The number of participants 
is also larger, and manifold centers are elaborated in the trial [87]. By now, the majority 
of the studies using MSCs for paraplegia treatment are in phase 1 or 2 (Table 2).

Animal Type of 
lesion

Cell source Route of 
administration

Effects 
on neural 
regeneration

Ref.

Dog Chronic 
paraplegia 
(≥6 months)

Adipose 
tissue derived 
MSCs

Lesion site, 
intraparenchymal

Improved 
locomotion, no 
adverse effects or 
complexity, no 
changes in deep 
pain perception

[84]

Monkey Dorsal SCI Differentiated 
BM-MSCs 
into neural 
lineage cells

Lesion site Motor-evoked 
potential (MEP), 
somatosensory-
evoked potential 
in cortex 
(CSEP), and 
functional 
recovery 
and de novo 
neurogenesis

[85]

Table 1. 
Summary of preclinical surveys using MSCs for treatment of paraplegia.
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Currently, clinical trials with applying mesenchymal stem cells for treatment of 
paraplegia are growing, suggesting that despite the existence of numerous questions 
at primary and preclinical levels, the MSC is considered supposedly valuable for 
translational researches [46].

6.  Why mesenchymal stem cell functions do not soundly shift these cells 
toward clinic yet?

It is well established that, despite promising preclinical findings about mesen-
chymal stem cells, clinical trials failed to be impressive in SCI treatment and are still 
away from obtaining behavioral and functional improvement and repairing neural 
circuits totally [88].

Regarding the previous researches, studies using animal models are usually 
performed by applying standardized protocols of lesions, treatments, and specific 
timings of transplantation in each group of investigation [89]. However, these con-
ditions are often incomparable with human subjects because timing and therapies 
are dependent on emergency setting and many variables such as lesion site damage 
at the cord [90]. Most of animal studies are necessarily done with rodents such as 
mice and rat, and, despite many anatomical or behavioral similarities, clinical trials 
with human participants should be the main goal of stem cell research. Therefore, 
making a strong bridge between preclinical and clinical studies is mandatory for 
finding the best trail in cell therapy [91].

As well, it is necessary to run more rigorous clinical trials such as RCTs and also 
animal researches in providing MSC therapy as a safe, effective, and beneficial 
approach for various diseases. Already, completed human trials displayed only 
limited outcome. However, applying MSCs in SCIs seems to cause no harm. Different 
trials [92, 93] indicated the safety of MSC therapy showing no side effects [94]. 
Regardless of these findings about safety of stem cell therapy, clinical outcomes 
showed poor results compared to expectations. Among the others, it seems that not 
many studies particularly encourage cell therapy [95].

Consequently, ongoing trials will almost certainly help and develop compre-
hension about the outcomes of stem cell therapy [96]. Unfortunately, translation 
of encouraging data from preclinical studies into clinical administration seems 
intricate. This probably reflects the multivariable and sophisticated paraplegia 
physiopathology, requiring a multi-aspect curative approach. To tell the truth, 
many points require further illuminating and depicting, such as:

1. The best therapeutic protocols with respect to the preparation method, type, 
and amount of stem cells transplanted.

2. The paracrine effects and their impact on behavioral and functional  
improvement.

3. The rout of stem cell delivery and timing of transplantation.

4. The substance of cellular matrix and microenvironment.

5. The ability of neuroplasticity and production of new connections from injured 
neuronal cells.

6. The ethical aspects and financial challenges associated with stem cell  
research [97].
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As a result, prospect preclinical and clinical studies based on MSCs should put 
emphasis on multivariable factors [98]. For instance, considering donor-related 
properties like sex, age, and comorbidities that may have an effect on the capacity and 
excellence of cells is important. Moreover, a better appreciation of the accurate and 
beneficial methods of action calling for ad hoc investigations will also able to scruti-
nize MSC complexity, for instance, stem versus stromal. MSC interactions with host 
tissues have to be considered too. The development of precious in vitro and in vivo 
models is to be applied in a number of medical conditions; and choosing reagents and 
techniques that may be administrated from experimental studies to clinical devel-
opments for preserving cell consistency and eventually reducing manufacturing 
expenses is imperative markedly [99].

7. Conclusion

Nowadays, the advancements in cell marketing with the progress in cell 
isolation, description, and quality control will positively encourage scientists to 
apply MSCs for treating several diseases and disorders, even with all remaining 
challenges.

Preclinical studies revealed the importance of MSC therapy in the SCI and 
paraplegia field. Unluckily, the effect of MSC therapy is not typically seen in the 
human studies, and the results need a long time from being similar to preclinical 
studies. Consequently, among other concerns, the protocol standardization in 
source of cells, culture conditions, time of cell delivery after paraplegia, number 
and administration rout of cells, plasticity, and potential of MSCs after isolation and 
expansion in vitro is of urgency. Confidently, preliminary studies with emphasis on 
these key points will be helpful in terms of their winning implementation of human 
studies.
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Chapter 6

Rehabilitation Therapies in Spinal 
Cord Injury Patients
Brenda Rodríguez-Mendoza, Paola A. Santiago-Tovar, 
Marco A. Guerrero-Godinez and Elisa García-Vences

Abstract

Spinal cord injury (SCI) represents a neurological life-changing condition that 
causes devastating physical, social, psychological, and economic consequences in 
the injured patient. It is due to traumatic causes that affect the motor and sensory 
functions, limiting daily life activities. Since rehabilitation is a fundamental process 
of recovery, this chapter will review diverse approaches in rehabilitation to restore 
or improve patients’ capability. In the first section, functionality and quality of life 
tools will be discussed. Subsequently, rehabilitation strategies and their adoption 
will be explained. Ultimately, rehabilitation goals, according to the level of injury, 
will be reviewed.

Keywords: spinal cord injury, rehabilitation, exoskeleton, functional electrical 
stimulation, rehabilitation goals

1. Introduction

Spinal cord injury (SCI) is attributable to trauma caused by accidents like car 
crashes, falls or sports such as diving or gymnastics, and violent causes like gun-
shots or injuries by cold weapon [1] and also caused by nontraumatic causes like 
primary or metastatic tumors, compressive myelopathy such as cervical spondylotic 
myelopathy, neurodegenerative diseases such as motor neuron disease, autoimmune 
diseases like multiple sclerosis, infections such as epidural abscess, and vascular 
diseases such as medullary infarction, as well as genetic causes, for example, spinal 
muscular atrophy [2] that affect spinal cord motor and sensory function, also caus-
ing neurogenic bladder or bowel.

The global prevalence rate, including both traumatic and nontraumatic causes, is 
40–80 cases per million people; however 90% of cases are due to traumatic causes, 
with a male-to-female ratio of 2:1, respectively [3], presenting with a bimodal age 
peak of young people and 60-year-old people [4]. To estimate the economic burden, 
the first year after injury treatment cost is estimated to be $334,170 USD rising to 
$1,023,924 USD [5]. The main causes of SCI are vehicle accidents, falls, violence [6], 
compressive myelopathy, tumors, and multiple sclerosis [2]. Most damaged ana-
tomical regions are the lower cervical spine, cervicothoracic union, and thoracic-
lumbar union [6]. Prognosis depends on the level of injury [4].

To the present day, there are no medical or surgical procedures to reverse 
neurological damage in SCI patients; therefore new rehabilitation strategies have 
been designed to avoid deterioration in many patient scopes. This process has to be 
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coordinated by a multidisciplinary SCI expert team so that biopsychosocial impact 
on patients is reduced.

2. Evaluation and assessment tools in rehabilitation

There are several tools to assess the patient with SCI; some of them are the 
following, ASIA scale, Spinal Cord Independence Measure (SCIM) scale, Walking 
Index for Spinal Cord Injury II (WISCI II) scale, and Short-Form Health Survey 
(SF-36) quality of life test, which will be discussed in detail below. These are very 
useful instruments that ease decision-making on treatment and rehabilitation, 
taking into consideration patient capacity and expectations to integrate into 
society.

2.1 ASIA scale

This scale developed by the American Spinal Injury Association is considered the 
gold standard for SCI clinical evaluation. The scale significance relies on its capac-
ity to determine the level of injury, whether it is a complete or incomplete injury, 
predict prognosis, and serve as guidance for treatment.

It consists of the examination of dermatomes and myotomes. For evaluation of 
sensory function, 28 key dermatomes are explored using a piece of cotton and a 
monofilament. For motor examination, five upper and five lower key muscle groups 
are evaluated. S4 and S5 dermatome evaluation is useful to determine if the injury is 
complete or incomplete by looking for external anal sphincter contraction and anal 
pressure sense.

Patients are classified from A, which means an injury is complete, to E, where 
patients have normal functionality (Table 1). This tool provides a long-term reliable 
prognosis, but it does not take into account pain and spasticity [7, 8].

According to this scale, an accurate prognosis can be established if a 72-h 
post-injury evaluation is made. 80% of patients with an A-type injury will 
remain in this classification; meanwhile, 10% will convert into a B-type injury 
and the 10% remaining will convert into a C-type injury; from the conversion 
percentage, only 14% of the patients will gain some aided gait capacity. Patients 
with B-type injury are considered to gain 33% of gait capacity, C-type injury 
patients will gain approximately 75% of gait capacity, and D-type injury patients 
will have a very good prognosis since most of them will be able to walk in 1-year 
post-injury [9, 10].

2.2 SCIM scale

The Spinal Cord Independence Measure is a tool that assesses an SCI patient 
capacity to perform daily life activities. This instrument evaluates 19 areas and 
contains 4 subscales: self-caring (0–20 points), breathing and sphincter control 
(0–40 points), room and bathroom mobility (0–10 points), and interior and 
exterior mobility (0–30 points). Besides these subscales, feeding, bed mobility, 
pressure ulcer prevention, and transfer from wheelchair to the car and floor are 
included [11].

The maximum score to obtain is 100 points; a high score means that the patient 
is independent for daily life activities. This is a self-assessment tool, so there is no 
need for qualified personnel to evaluate it [12].
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2.3 WISCI II

The Walking Index for Spinal Cord Injury II is a reliable and trustworthy tool 
to measure walking improvement in SCI patients [13]. It comprises 21 levels that 
evaluate gait, considering the use of walking aids. It goes from 0 (the patient is 
not able to walk) to 20 (the patient walks at least 10 m without crutches or assis-
tance) [14].

2.4 SF-36

The Short-Form Health Survey questionnaire is a nonspecific generic test 
broadly used to evaluate the quality of life, considering both positive and negative 
subjects, in patients with chronic conditions and mobility diseases [15]. It is easy to 
answer and takes approximately 5 to 10 min.

The test comprises 36 items, divided into 8 subscales that evaluate the following 
areas: physical function (10 items), role limitations due to physical issues (4 items), 
pain (2 items), general health appreciation (5 items), vitality (4 items), social 
function (2 items), role limitations due to emotional issues (3 items), mental health 
(5 items), and an additional item that compares actual health with previous year 
perception of health [16]. Many studies have found with this instrument that SCI 
has a negative influence on the quality of life of patients [17].

3. Rehabilitation strategies

SCI is a neurological condition that demands a long rehabilitation period, 
coordinated by a multidisciplinary team because of the damage that it entails. To 
avoid complications as much as possible, to improve function, and to achieve the 
most independence, numerous rehabilitation strategies have been shown in many 
studies to have an impact in patient recovery; some of them are the following: 
strength, range of movement and stretching exercises, functional electrical stimu-
lation (FES), epidural electrical stimulation (EES) of the spinal cord, occupational 
therapy, dry needling, and exoskeleton.

3.1 Range of movement, strength, and stretching exercises

Range of movement refers to the normal movement of a joint; hence range of 
movement exercises are those that promote joint mobility and flexibility.

A Complete No motor and sensory function

B Incomplete Sensory function preserved. No motor function below the level of injury, including 
S4-S5 level

C Incomplete Motor function preserved below the level of injury and more than half of the key 
muscles below the level of injury with less than 3/5 strength

D Incomplete Motor function preserved below the level of injury and at least half of key muscles 
with strength more than 3/5

E Normal Normal sensory and motor function

Table 1. 
ASIA scale.
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Studies have observed that these exercises improve function for daily life activi-
ties [18], prevent contractures, protect tenodesis effect [19], strengthen paralyzed 
muscles, promote nerve and cerebral remodeling, and improve spinal microen-
vironment and functional prognosis [20]. For protection of the joint structure 
and preservation of muscle tone, sandbags, pillows, or orthotics are usually used. 
Exercise is important for strengthening the muscles of the upper limbs, empha-
sizing on rotation of the shoulders for the use of crutches or wheelchair. These 
exercises will help in the mobilization and independence in daily life activities. In 
patients with incomplete SCI, walking potential is high, so sitting, parallel bars, and 
balance exercises should be done [19].

3.2 Functional electrical stimulation

Functional electrical stimulation is a technique that artificially activates sensory-
motor systems through electrical current pulses, producing action potentials in 
afferent and efferent neural pathways to stimulate muscles and generate move-
ment [21]. This procedure is added to other therapies to increase mobility, sensory 
feedback, and muscle activity to decrease atrophy. It also provides cardiorespiratory 
fitness; improves posture and trunk stability [22]; prevents contractures, pressure 
ulcers, and orthostatic hypotension [23]; promotes nerve restoration; and prevents 
peripheral nerve deterioration [24].

Functional electrical stimulation is a technique that artificially activates sensory-
motor systems through electrical current pulses, producing action potentials in 
afferent and efferent neural pathways to stimulate muscles and generate movement 
[21]. The main elements of a FES system are the battery, an electronic stimulator, 
control unit, wiring, and electrodes. The controller can work through a switch, 
joystick, or voice. There are different types of electrodes, superficial, intramuscular 
percutaneous, implantable, and epimysial; however the commercially available are 
the superficial ones, which should be placed over the skin above the nerves to be 
stimulated; the rest of the electrodes are for research purpose only. The electrodes 
must be of low-impedance, flexible, and easy to don and doff [22]. The electrical 
parameters of these systems are waveforms, amplitude, pulse width, reciprocity, 
ramp, and duration; all of these are combined to generate an electrical current and 
must be adjusted to achieve the desired response [22, 23].

It is important to evaluate the patient to determine if he or she is a candidate for 
this therapy. Some exclusion criteria for FES are the following: if the patient has an 
electrical implantable device, history of cancer, osteomyelitis, epilepsy, and throm-
bosis [23].

FES systems can be applied to different sites. In patients with cervical SCI, hand 
function recovery is the main priority, so there are FES systems developed for the 
upper limb that work through neuroprosthetics with a stimulator for forearm and 
hand muscles; patients with injuries at C5-C6 level can benefit with this therapy. 
The only commercially available systems for the upper limb are NESSH200 and 
Compex. NESSH200 consists of an adjustable wrist prosthetic with five elec-
trodes for finger flexors and extensors, allowing handgrip [24, 25]. There are FES 
systems for lower limbs that allow sitting and mobility. The best candidates for 
this therapy are patients with injuries at T4-T12 level, which have more impact in 
patients with incomplete injuries. The FES neuroprosthetics for the lower limbs 
stimulate the knees and hips [24]. A commercially available FES system in the USA 
is the Parastep, which works through 4–6 channels to stimulate the quadriceps 
and gluteal muscles. Battery is placed on the waist and controls are over a walker 
[25]. FES cycling systems are also commercially available; one of them is devel-
oped by Restorative Therapies, Inc. [24] and the other one, ERGYS, developed by 
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Therapeutic Technologies, Inc. which has six electrodes to stimulate the quadriceps, 
hamstrings, and gluteal muscles [22].

This procedure is added to other therapies to increase mobility, sensory feed-
back, and muscle activity to decrease atrophy. It also provides cardiorespiratory 
fitness; improves posture and trunk stability [26]; prevents contractures, pressure 
ulcers, and orthostatic hypotension [27]; promotes nerve restoration; and prevents 
peripheral nerve deterioration [28].

3.3 Epidural electrical stimulation of the spinal cord

This strategy requires a device to be implanted through a laminectomy over the 
dura mater of the spinal cord [25]. The device delivers a rhythmical afferent electri-
cal current to posterior nerve roots to activate central circuits that regulate move-
ment, pain, and the cardiorespiratory system [22].

It is believed that EES activates two pathways: The first one stimulates afferent 
dorsal pathways that synapse with motor neurons; the second pathway directly 
stimulates motor neurons through stimulation of efferent motor nerves [26].

Studies in SCI patients have shown that this strategy decreases fatigue [25], 
improves cardiovascular and respiratory fitness, increases lean body mass, and 
improves bladder voiding [26]. The main disadvantage of EES is that it requires 
surgery for device insertion, which implicates the risk of infection, hematoma, or 
injury because of the device [25].

This experimental strategy requires a device to be implanted through a laminec-
tomy over the dura mater of the spinal cord [29]. The device delivers a rhythmical 
afferent electrical current to posterior nerve roots to activate central circuits that 
regulate movement, pain, and the cardiorespiratory system [26].

It is believed that EES activates two pathways: The first one stimulates afferent 
dorsal pathways that synapse with motor neurons; the second pathway directly 
stimulates motor neurons through stimulation of efferent motor nerves [30].

Studies in SCI patients have shown that this strategy decreases fatigue [29], 
improves cardiovascular and respiratory fitness, increases lean body mass, and 
improves bladder voiding [30]. The main disadvantages of EES are that it requires 
surgery for device insertion, which implicates the risk of infection, hematoma, 
or injury because of the device [29], it is expensive, and it does not yet establish a 
standard number of sessions and parameter configurations since multiple studies 
have shown that outcomes vary in each patient due to SCI heterogeneity [30].

It is worth mentioning that this technique is used merely for research purpose 
only and it is not approved by health authorities. The evidence that exists to date is 
not enough to justify its use, since it has been studied only in specific small cohorts 
of patients or single patients with SCI and there are no clinical trials with this 
method [29, 30].

3.4 Transcutaneous electrical nerve stimulation (TENS)

TENS is a high- and low-frequency electrical current therapy. It is used for 
pain management, but many other benefits have been observed, such as bal-
ance and proprioception improvement and spasticity decrease [31]. To date, its 
mechanism of action is unknown; however, different theories assume it works 
by modulating inhibitory spinal circuits, by activating afferent neurons, or by 
inducing central nervous system plasticity [32]. When applying it, it is necessary 
to consider electrode positioning, frequency, and pulse intensity; though, there is 
not a consensus on how long sessions should last and how much frequency has to 
be applied. The main advantages of this therapy are that it is low cost, it is easy to 
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apply since the patient can do it by himself/herself, and there are no side effects 
reported yet [31, 33].

3.5 Occupational therapy

Occupational therapy is a crucial process in rehabilitation since it eases societal 
role finding [19]. It focuses on enhancing daily life activity execution and fine 
movement, by searching for total independence or performing compensatory strat-
egies to adapt [34–36] as well as patient’s environment adaption (home, transporta-
tion, or workplace) to achieve total inclusion with its remaining abilities.

It demands equipment and techniques for transferring from one surface to 
another, dressing, bathing, grooming, feeding, cooking, respiratory exercises, and 
vesical and intestinal control. Besides, it also trains on wheelchair use and provides 
counseling for house modification like ramp addition, bath chair incorporation, and 
current insulation [34, 37].

3.6 Dry needling

Dry needling is an invasive procedure that consists of reaching muscle myofas-
cial trigger points (MTPs) with a needle [38]. MTPs are small, tense muscle nodules 
that cause pain, cause weakness, and limit range of motion [39].

It is considered that dry needling stimulation inhibits spontaneous electrical 
activity in MTPs by diminishing the availability of acetylcholine in the motor end 
plate (it is believed that MTP originates here); consequently, muscle fiber relaxes, 
promoting pain and spasticity reduction and improving gait speed and stability in 
patients with incomplete injury [39, 40]. It is worth mentioning that more studies 
have to be made to set the frequency, duration, and intensity of sessions to obtain 
desirable outcomes [41].

3.7 Exoskeletons

Exoskeletons are battery-powered robotic devices that adjust to the patients’ 
limbs; it can be operated with manual or oral control or micromovement detector to 
ease mobility and gait [26, 34].

Two main objectives of exoskeletons are promoting recovery through repeated 
movements to increase neural plasticity and assist mobility [42]. ReWalk™ and 
Indego™ are two community use exoskeletons [43] that enable walking, sitting, and 
climbing stairs up and down [44, 45]. Their use has shown improvements in quality 
of life, body composition, bone density, neuropathic pain, and spasticity [42] and 
an increase in gait speed [43], number of steps, and distance test before and after 
90 days of training [34]. Restraints for certain users are height, weight, articular 
rigidity, and high cost ($80,000 USD) [43].

4. Electrical stimulation outcome measurement

Electrical stimulation outcome measurement can be performed through differ-
ent methods, depending on the evaluated function. After FES, cycling outcomes 
can be measured by tridimensional analysis of the gait, estimation of oxygen 
consumption by indirect calorimetry, and muscle tone evaluation with Modified 
Ashworth Scale [46]. To evaluate outcomes after EES, the following methods can 
be applied: Motor activity can be evaluated by electromyography and motor tasks, 
the cardiovascular status might be evaluated by blood pressure measurement after 
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tilt table testing; sexual performance can be assessed by the achievement of orgasm, 
and for bladder control evaluation, the Neurogenic Bladder Symptom Score (NBSS) 
can be applied, or post-void residual volume and voluntary urination capacity can 
be evaluated [47]. In other studies, the outcomes have been measured through 
motor task performance such as sitting and balance, body fat mass measurement, 
and respiratory function or inspiratory function by coughing; all cases are com-
pared before and after therapy application [30].

5. Cardiovascular rehabilitation

Cardiovascular rehabilitation is critical because daily life activities are not 
enough to preserve cardiovascular health. It is estimated that the prevalence of 
cardiovascular diseases in patients with SCI is 60–70% and these represent, just as 
in able population, the main cause of death [48]. Besides, if the level of injury is 
higher, so will be the sedentarism and risk [49]. Another detail to consider is that 
SCI patients have a higher risk of complications such as thromboembolism, auto-
nomic dysreflexia (AD), orthostatic hypotension, pain, and cardiac atrophy [34].

5.1 Cardiovascular health

For cardiovascular status enhancement in the SCI patient, it is suggested to: 
(1) do body weight-supported training for it has advantageous effects on cardiac 
rhythm and blood pressure; (2) do upper limb exercise with moderate to strenuous 
intensity 3 days a week for at least 6 weeks; and (3) train with functional electrical 
stimulation 3 days a week for at least 2 months. This kind of training improves the 
patient lipid profile because it reduces triglycerides and LDL cholesterol [48].

5.2 Orthostatic hypotension

After a long resting period, patients may suffer orthostatic hypotension. 
Training with a tilt table can be useful to get patients used to a vertical position, 
with a gradual beginning until tolerance of position is achieved. Afterward, patients 
should sit on the border of the bed by their own 3 or 4 times a day to keep balance. 
This is important because the position is needed for wheelchair use [19].

5.3 Glycemic control

For optimal glycemic control, aerobic exercise and EES 30 min a day for at least 
3 times a week for 8 weeks is recommended [48].

5.4 Autonomic dysreflexia

Autonomic dysreflexia consists of a sudden blood pressure elevation caused by 
stimuli such as bladder overdistension or lack of bowel voiding, tight clothes, or 
pressure ulcers.

AD is considered when systolic blood pressure increases to 20–40 mmHg over 
the baseline. This usually occurs in patients with injuries in or over T6 level. AD 
happens because the previously mentioned stimuli start an uncontrolled adrenergic 
response due to an abnormal supraspinal regulatory signal, causing blood pressure 
elevation and bradycardia as a compensatory response.

AD is an emergency since it can cause serious complications such as hypertensive 
encephalopathy, seizures, cardiac arrest, or even death. To prevent patients from 
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AD, stimuli should be avoided. Some pharmacological treatments used are nitrates, 
nifedipine, prazosin, capsaicin, and botulinum toxin for refractory cases [50, 51].

6. Pulmonary rehabilitation

Pulmonary rehabilitation is critical in the acute and chronic phases of SCI, 
particularly in patients with high-level injuries because there are respiratory muscle 
paralysis limiting thoracic expansion, low pulmonary volumes, and weak cough 
[52]. Previously mentioned issues cause hypoventilation, mucus plugs, surfactant 
decrease, pneumonia, atelectasis, or respiratory failure that may result in death if 
not properly cared [53].

Additionally, due to respiratory mechanics compromise, certain voice charac-
teristics are affected such as less syllable production per breathing, less volume, and 
more roughness [54].

The next section discusses the strategies to improve pulmonary function: (1) 
postural changes and early mobilization; (2) breathing techniques, spontaneous 
cough, and cough aid; (3) secretion management and respiratory muscle training 
[19, 34, 53]; and (4) pulmonary percussion and vibration therapy [26].

7. Neurofacilitation techniques

Neurofacilitation techniques are frequently used in patients who suffered a 
stroke but these can also be applied to patients with SCI. It consists of a group of 
techniques whose main objectives are functionality recovering through noninvasive 
neuropsychological stimulation, promoting nerve regeneration, and neural systems 
reorganization [55]. Some of these techniques are mentioned below.

7.1 Constraint-induced movement therapy

It is useful for upper limb rehabilitation. It consists of repeatedly training the 
limb mobility; meanwhile the contralateral limb is immobilized. However, there has 
to be some mobility remaining to be applied [55].

7.2 Body weight-supported treadmill training

This is a functional movement training in which the patient stands over a tread-
mill with a harness, aided by therapists to move the legs and keep balance. It can be 
beneficial since it is an aerobic exercise [55].

7.3 Bobath method

Bobath method consists of a group of complex, specific, and individualized 
techniques based on postural control and task execution, taking advantage of 
neuromuscular plasticity to achieve problem-solving in people with movement 
disorders. It is possible to control posture, reduce spasticity, increase muscle tone, 
and improve standing ability through this method [56, 57].

8. Neurogenic bladder

Up to 80% of patients with SCI suffer neurogenic bladder as a result of detrusor 
hyperactivity disorder, sphincter dyssynergia, or detrusor areflexia; they have an 
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increased risk of urinary incontinence, recurrent infections, vesicoureteral reflux, 
and renal and bladder lithiasis [58].

Most of the patients will need management for dry, incomplete voiding, to 
ensure the low-pressure reservoir function of the bladder. This management begins 
with anticholinergic medication and intermittent catheterization; patients who 
failed these treatments need more invasive treatments such as sphincterotomy, 
botulinum toxin applications, and stent insertion [59].

Imaging and urodynamic studies should be performed for the initial evaluation 
of the patient [60]. Catheterization techniques are detailed below.

8.1 Clean intermittent catheterization

This is the most used method for bladder drainage without the need for a 
permanent catheter. A catheter is inserted in an interval of 4–6 h. It prevents com-
plications such as hydronephrosis and kidney and bladder stones. It must be done 
by patients who have enough manual ability (writing and feeding) or a caregiver 
willing to do it [60].

8.2 Permanent catheterizations

It consists of the insertion of a suprapubic or urethral catheter. This catheter-
ization is suggested for patients with poor manual ability, cognitive deficits, and 
limited assistance [60].

8.3 Credé method

It is the application of suprapubic pressure for drainage of the bladder. It is used 
when the bladder is flaccid or when it is necessary to increase the contraction; the 
Valsalva method is also used to drain the bladder [60].

8.4 Surgery

Transurethral sphincterotomy, stent colocation, or ileocystoplasty can be done.

9. Neurogenic bowel

Neurogenic bowel dysfunction occurs 95% of the time as constipation and 75% 
as fecal incontinence. Hemorrhoids, abdominal pain, prolapse, rectal bleeding, and 
anal fissures also occur and can trigger episodes of autonomic dysreflexia.

The management of this dysfunction requires a history of bowel habits in addi-
tion to a complete physical examination [61]. It is recommended to establish a sched-
ule to defecate in a comfortable position, implementing changes in diet and lifestyle 
before using laxatives or suppositories. The caregiver must perform an examination 
or digital stimulation; manual removal of feces is also preferable [60, 61]. Enemas 
are another treatment [62].

10. Sexual rehabilitation

After SCI, sexual function is affected since it alters the motor, sensory, and 
autonomous functionality, and its importance relies in the fact that the number of 
patients with SCI is young in a childbearing age. There is damage to male fertility, 
vaginal lubrication, erection, and ejaculation [63].
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The causes of sexual dysfunction are multifactorial: altered sensitivity, erectile 
dysfunction, and side effects of medical therapy.

In men with SCI, some dysfunctions can present as a delayed orgasm, erectile 
or ejaculatory disorder, seminal abnormalities such as hypomotility, or low sperm 
viability [64].

10.1 Male sexual quotient (MSQ )

It is a questionnaire designed to assess the sexual function and satisfaction in 
men. This instrument includes 10 questions where physical and emotional aspects 
are considered; scores go from 0 to 100 points [65].

10.2 Medical management for erectile dysfunction

Administration of phosphodiesterase-5 inhibitors is helpful in inhibition of 
guanosine monophosphate degradation causing smooth muscle relaxation. Other 
methods are intracavernous application of phentolamine, papaverine, and alprosta-
dil or intraurethral application of alprostadil [64].

10.3 Management for ejaculatory dysfunction

Vibratory stimulation can be done until antegrade ejaculation is achieved. 
Another method is electroejaculation, which electrically stimulates prostatic nerves 
and muscles and seminal vesicles; if retrograde ejaculation occurs, a catheter is 
needed to collect residual semen from the bladder [64].

In women, sexual function after SCI has not been sufficiently studied as in male 
dysfunction. Sexual rehabilitation in women focuses on psychological matters and 
sphincter control during sexual activities. In addition, vaginal lubrication depends 
on neurological factors and vascular factors [66, 67].

11. Skin care

SCI causes an alteration in the microenvironment of the skin, causing excessive 
sweating, thinning, onychogryphosis, paronychia, tinea, seborrheic dermatitis, and 
cellulitis [68, 69]; besides, keeping the same position for a long time damages the 
integrity causing pressure ulcers [70].

Pressure ulcers are the result of applying pressure to tissue over a bone promi-
nence, exceeding the 12–32 mmHg capillary pressure collapsing the capillaries and 
causing ischemia. Pressure ulcers represent a major problem for patients with SCI 
in the acute and chronic stages, also considering the cost involved in treatment [71]. 
For correct management, pressure must be decreased, and special mattresses, heel 
protectors, and turns and transfers are recommended. Regarding turns, these must 
be done in intervals of 2–4 h. Lateral positioning should be limited to minimize 
pressure on bony prominences. When the patient is in supine position, the bed 
must incline less than 30° or the limbs must be elevated. Patients using a wheelchair 
should be trained to distribute pressure by tilting at intervals of 15–30 min [62].

12. Nutritional support

Since life expectancy in patients with SCI has been prolonged, the incidence of 
metabolic syndrome, diabetes, cardiovascular diseases, but also malnutrition has 
increased substantially; therefore, it is important to make a nutritional plan.
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There are no nutritional guidelines for patients with SCI; however, the following 
general measures are suggested:

1. Abundant consumption of fruits and vegetables to obtain fiber and avoid con-
stipation; it is recommended to adjust the amount of it to avoid bloating and 
diarrhea.

2. Plenty intake of water (minimum 1.5 l).

3. Protein consumption of 0.8 g/kg per day is recommended, and if a pressure 
ulcer is present, this amount can be 1.2 g/kg, rising up to 2 g/kg if the ulcers are 
grade III or IV. The purpose of increasing protein consumption is to decrease 
the negative nitrogen balance, which is greater in acute stages of the disease; 
it is also helpful in preserving muscle mass and avoiding glucose intolerance. 
Liquid protein supplements that contain leucine may be recommended.

4. High-fat diets should be avoided since the patient lipid profile is altered and 
predisposes to metabolic syndrome.

5. Omega-3 is recommended because of its neuro- and cardioprotective effects; 
however more studies are required.

6. Micronutrients such as vitamins A, B5, D, E, and C and biotin and minerals 
such as calcium, chlorine, magnesium, and potassium are usually low con-
sumed, so their intake should increase to improve glucose metabolism.

Nutritional plans must be individualized according to the objectives, the age of 
the patient, and the level of the injury [72, 73].

13. Psychological management of the patient with SCI

Psychological management after SCI is essential for the patient in order to return 
to activities of daily living. After an injury, there are many psychological stages in 
the readjustment process: shock and denial, depression, anxiety, anger, negotiation, 
and adaptation.

Psychological rehabilitation should start in the intensive care unit because the 
patient can experience disorientation, depression, anxiety, and sensory and sleep 
deprivation.

Psychotherapy groups are helpful to provide emotional support, educate in the 
development of new skills, and minimize social aversion. Similarly, family psy-
chotherapy groups make it easier for the family to adjust to the new situation since 
similar emotional reactions also occur in them [74].

14. SCI patient rehabilitation stages through time

14.1 Acute phase

This rehabilitation begins since the patient is admitted to the hospital until 
the stabilization. It can be a period of 6–12 weeks, depending on the existence of 
complications. Rehabilitation in the acute phase is important to increase the patient 
strength and stability for postural adaptation and orthostatic hypotension [19, 28]. 
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Passive exercises have been observed to decrease the risk of spasticity [43]. Other 
early interventions in rehabilitation are bed mobility with rotation at 2–3-h intervals 
to prevent pressure ulcers [19, 34].

14.2 Chronic phase

This rehabilitation is focused on the patient capacity to reintegrate into society. 
The goals are aimed to develop motor skills such as walking, transferring using the 
upper limbs, and wheelchair use [28], restore psychological status as much as pos-
sible, and perform occupational therapy [19].

15. Goals in rehabilitation

Despite the fact that most of the patients with SCI want to be able to walk again, 
the goals of rehabilitation are mainly focused on restoring quality of life [75], and 
these should be individualized according to the ASIA classification.

The following functional goals can be considered in the first 5 months according 
to the level of injury (time may vary depending on the patient ASIA classification 
he/she has):

• C4: independence with a motorized wheelchair, partial or assisted ventilation, 
and dependence on activities of daily living.

• C5: independence with a motorized wheelchair with hand control; may require 
extra respiratory care, performance of some activities of daily living, adapted 
driving is possible.

• C6: independence with a manual wheelchair, assistance in transfer with a slid-
ing table, control of supporting points, can do certain activities of daily life; 
extension of the wrist is possible; adapted driving is possible.

• C7: this is a key level for wheelchair mobility, independent transfers without 
sliding board support.

• C8-L2: advanced wheelchair skills, independent daily life activities, driving 
with adaptations.

• L3 and lower: home and community ambulation with aid devices, indepen-
dence in daily life activities [19, 34].

16. Conclusion

SCI is a relevant health issue because of the impact it has on the patient, his/
her family, and health system. Even though there is active research for treatment 
development, being surgical or medical, in order to achieve motor recovery, in the 
present time, there are only treatments to reduce the damage after SCI and prevent 
future damage so none of this therapies are curative; one of this treatments is reha-
bilitation, which must be coordinated by a multidisciplinary team to reduce possible 
complications that may arise.

To achieve better outcomes at clinical level, it is recommended to perform an 
integral rehabilitation therapy that combines different strategies, for example, 
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functional, transcutaneous, or epidural electrical stimulation in addition to mus-
culoskeletal rehabilitation exercises to decrease complications associated with this 
pathology. It is important to emphasize that some rehabilitation strategies have not 
yet been approved by health authorities for commercial use and to date have only 
shown results in very small populations with very particular characteristics, which 
impede their general application in patients with SCI, in addition to the heterogene-
ity of spinal cord injuries due to the level of injury, age, treatments used before, or 
time since injury.

The ultimate goal of these interventions is to achieve patient’s societal reintegra-
tion and become independent in most of the activities according to the severity of 
their condition; therefore improving and updating these strategies create opportu-
nities for novel innovative research, as well as implementing rehabilitation strate-
gies as a complement for regenerative pharmacological and non-pharmacological 
strategies for the SCI patient.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

People with paraplegia have to fight their own and societal attitudes and 
stereotypes that reduce sexuality to the physiological functions of genitalia. These 
psychological and social limitations arise from cultural and disability models that 
focus sexual pleasure on phallocentric primacy, and sexual attractiveness of perfect 
bodies. In this chapter, we evaluate the impacts of a psychoeducational intervention 
in a personal growth group on the sexual life of two groups of people with spinal 
cord injury (SCI) and their partners, throughout their sexual interest and satisfac-
tion, depression, and anxiety. In the first study, nonparametric statistical tests 
were used to compare pre- and post-outcome measures for all participants. In the 
second study, the grounded theory was used to explore dialogs and activities that 
were audiotaped during the group meetings. The participants in both groups were 
patients and their partners. The psychoeducational intervention was clearly effec-
tive in increasing sexual interest and satisfaction as well as the motivation and abil-
ity to enjoy sexuality. Anxiety was minimized for all participants, although it may 
not have been associated with the psychoeducational intervention. In addition, the 
intervention significantly improved the partner and patient group’s opportunity 
and ability to enjoy sexuality.

Keywords: spinal cord injury, sexuality, sex stereotypes, biopsychosocial model, 
sexuality and disability, people with paraplegia

1. Introduction

When someone has experienced spinal cord injury (SCI), the first question they 
often ask is, “Doctor, will I ever walk again?” The thought soon after—sometimes 
never verbalized—emerges with equal urgency: “Will I be able to have sex?” This 
question is not answered easily, although the slogan of the American Consortium 
for Spinal Cord Medicine [1] exhorts to believe that “No injury, no matter how 
serious, can take away your ability to have a relationship, experience love, and 
experience the attraction between two people” (p. 3). People with SCI face many 
difficulties to regain confidence in themselves and their ability to experience 
intimacy and affection [2]. These challenges do not just emanate from the genital 
dysfunction caused by the injury, including alterations or loss of genital sensation, 
or erection, ejaculation, lubricate, and orgasm [3, 4]. They also arise because they 
must rediscover a new way of pleasure to themselves and others by learning to 
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inhabit a body that in many ways is new and dissimilar and requires a different way 
of touching, caressing, and exploring themselves and their partner [4].

In addition to this difficult adjustment to changes, like many other people with 
disabilities, people with SCI have to battle with their own and societal attitudes 
and stereotypes that deny individuals with disabilities are sexual beings [4, 5]. Such 
attitudes and stereotypes are the results of two pervasive and interrelated miscon-
ceptions (myths), which very often influence human thinking and behavior: bodily 
perfection [6] and asexuality [7–10]. These two myths arise from a disability model 
that is often known as the medical model of disability [11, 12], whereby people are 
deemed disabled due to their medical condition or impairment [13, 14]. Therefore, 
disability is understood as an individual inability to conform to a standard of nor-
mality, namely when the abnormality occurs within the person [15], making him/
her different from the majority of people [16].

According to this (medical) disability model, people with SCI have a disability 
in sexual relations due to the limitation or lack (resulting from the injury) of ability 
to conduct sexual activity in the manner that is considered normal or ideal [17]. 
Here, the interrelation between bodily perfection and sexual activity is closely 
and precisely related. ‘Abled’ people have to see the person with SCI as asexual 
because the injury obviously has affected the capacity to perform the so-called 
normal sexual activity. Conceiving sexual activity by a person with a disability for 
a ‘normal’ population would mean admitting to imagine an abnormal (monstrous) 
sexuality [8, 18].

The myths of bodily perfection and asexuality of disabled persons are not 
mere social constructions that influence attitudes and stereotypes. Every cultural 
context and historical period encompasses an ideal of bodily beauty and sexual 
behavioral norms [19]. Therefore, we should find such myths as universal human 
convictions [20, 21] that emerged from psychological mechanisms that evolved 
to solve long-enduring adaptive problems characteristic of the ancestral human 
environment [22]. Mating with someone who is unhealthy could pose a range of 
adaptive risks to our ancestors, including transmitting communicable diseases or 
viruses, impacting survival and reproduction, infecting children, and jeopardiz-
ing the children’s chances of survival and reproduction [23, 24]. Hence, human 
survival was guaranteed by an evolved psychological mechanism to avoid contact 
and sexual intercourse with persons with visible deformity [25, 26]. Park et al. 
[27] found that individual differences in disease perception predict immediate 
cognitive responses that connect physical disability to disease (medical model) 
and also predict behavioral avoidance (disgust) of people with physical dis-
abilities. Meloni et al. [28] also found a relationship between an evolved disease 
avoidance mechanism and contemporary prejudices that affect individuals with 
physical disabilities.

It should be noted that the field of psychiatry has a specific term for the sexual 
attraction to the body of a person with a disability: devotism. This concept is con-
sidered suspect and, to a certain extent, pathological; it is classified as a paraphilia 
in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition [29].

Another signal that the medical disability model might act as an innate psy-
chological mechanism below the two cultural constructs of bodily perfection and 
asexuality, as a cognitive constraint [30], is the occurrence of disability explanation 
compatible with the medical model early in childhood [31–33], independent of 
parents’ disability representations and explanations [13].

Like the nondisabled, most people with SCI have grown up believing that dis-
ability is deviance and that bodily perfection is the standard [34]. As Susan Wendell 
wrote in her famous autobiography book The Rejected Body [19], to identify oneself 
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as a disabled person requires a change in one’s own personality and a radically new 
way of thinking about oneself. The SCI is almost always a devastating event with 
many life-changing consequences, all of which require a number of changes during 
their post-injury lives [35, 36]. Sexual adjustment to SCI is one of those problems 
that is closely related to body image [2], general psychological health, overall self-
esteem [37, 38], and body attractiveness [10, 39].

In a male-centered patriarchal culture [40]—characterized by unequal relation-
ships between men and women (polarization) and power distribution (androcen-
trism), and biological essentialism (i.e., gender and roles vary by nature) [41]—the 
sex most people get to know is totally phallocentric (penis centered). According to 
Freud [42], around the age of five, children become aware that they either possess 
a penis or do not possess a penis and that having a penis is “a proud possession” 
[43]. Conversely, for women, the absence of a penis makes them “victim to envy 
for the penis” [42]. The recognition that one has or does not have a particular set of 
genitals is, for Freud, tantamount to recognizing the gender to whom they belong. 
“I have a penis” means “I am a boy” and “I do not have a penis” means “I am a girl.” 
In this system, the gender identity is a genital (penis-centered) identity. As Rubin 
[44] wrote,

“The alternative presented to the child [to have a penis or to be castrated] may 
be rephrased as an alternative between having, or not having, the phallus. […] 
The presence or absence of the phallus carries the differences between two sexual 
statuses, ‘man’ and ‘woman’.” (p. 191)

This penis orientation relates to the awareness that having and using erections 
has something to do with masculinity [45]. Therefore, “males are in constant danger 
of losing their manhood and their identities” [45] when the erectile functions are 
compromised. As testified by Tepper [9], a sexuality educator and counselor living 
with SCI, “[T]he man with erectile dysfunction, inhibited ejaculation, loss of sensa-
tion, or physical limitations might conclude that his sex life is over.” (p. 45).

Extensive research on erectile functions and male sexuality has largely over-
looked the female sexuality of women with SCI [39, 46, 47]. This phenomenon 
is not surprising within Judeo-Christian androcentrism that restricts the sexual 
role of a woman to a reproductive function within the family and the ability to 
stimulate and satisfy a man’s own sexual appetite [41]. This view denies women the 
experience of sexual pleasure [48]. Given that SCI neither compromises the recep-
tive function of female sexual organs nor a woman’s reproductive capacity [1], the 
biggest issues for women after SCI is usually focused on the perceived attractiveness 
of their bodies [39], that is, as a function of male sexuality. In an androcentric, 
penis-centered sense of sexuality—that Tom Shakespeare [49] defined as the 
“fucking ideology”: heterosexual and penetrative intercourse with a male on top 
of a female—characterizing Judeo-Christian androcentrism, loss of genital sensa-
tion does not compromise a woman’s sexual role. The Austrian philosopher Otto 
Weininger, a Jew who converted to Christianity in 1902 and who became a real 
posthumous celebrity within the German-speaking cultural world of the early 
twentieth century and beyond, in his popular and influential book on sex and 
character [50] published in 1903, explained the difference between a mother and a 
prostitute, woman’s polar attributes (sic), “The mother does not experience sexual 
intercourse any less than the prostitute, but differently. The mother’s behaviour is 
mainly receptive and accepting, while the prostitute feels and savors the pleasure 
to the extreme” (p. 205; emphasis in the original). Far from it, the loss of genital 
sensation ensures the woman’s virginal and chaste role [48] (see also the traditional 
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practice of female genital mutilation in Islamic cultures that involves more than 200 
million girls and women in 30 countries worldwide: https://www.unicef.org/media/
files/FGMC_2016_brochure_final_UNICEF_SPREAD.pdf). Alexander and Rosen 
[51] and Komisaruk and Whipple [52] provided other evidence of a different focus 
on the sexuality of women with SCI compared to men. Women are oriented to giv-
ing rather than receiving pleasure. As both studies found, the major sexual concern 
of women is the diminishing opportunity and ability to give their partner sexual 
fulfillment because the disability disfigured the beauty of their body. Moreover, 
according to Kettl et al. [39],

“The biggest and most remarkable change [for women] after spinal cord injury in 
our study was the worsening in body image. This was far greater than any change in 
ratings of sexual practice or enjoyment.” (p. 294)

Given that the sexual role of a woman in patriarchal cultures is restricted to 
the attractiveness of their body as a function of male sexuality, in a reverse sense, 
this factor can also be their shame. In fact, a woman’s attractiveness is perceived 
similarly to penis erection, that is, a sexual behavior: when a male finds an attractive 
body, then sex is allowed because the former is a function of the latter. As LaRocca 
and Kromrey [53] found, male students consider an event to be more harassing 
when the victim was unattractive (read, not sexually available) compared to when 
the victim was attractive (read, sexually available). This stereotype is certainly no 
less affecting in women’s judgment, who consider an event as more harassing when 
the victim was attractive (if sexually available, why violence?) than when the victim 
was unattractive (because of sexual unavailability, male violence allowed). Thus, 
Golden reports [54] that an action by an attractive male directed toward an unat-
tractive female is more likely to be identified as not harassing. From a recent survey 
conducted by the Italian National Institute of Statistics [55] on stereotypes on 
gender roles and the social image of sexual violence, the prejudice that blames the 
woman for their suffered sexual violence still persists. For instance, 23% (without 
gender differences) believe that women can cause sexual violence with their way 
of dressing (read, their attractiveness). Therefore, it is not surprising that the main 
sexual concern of women with SCI is to have a body that is no longer attractive, 
no longer capable, that is, of giving their partner the ‘right’ sexual pleasure, and 
run the risk of deserving violence. Still in a recent survey conducted in the United 
Kingdom, Thrussell et al. [56], in accordance with previous literature, reaffirm that 
for women with SCI.

“satisfaction with body image was reduced. To look ‘sexy’ was difficult […]. 
Lacking confidence and feeling sexually unattractive during rehabilitation was 
common; support and opportunities to improve self-confidence, self-esteem, body 
image and social skills were identified as essential.” (pp. 1088–1091)

The aim of this chapter is to provide data for the Love & Life project that was 
collected from two interventional studies led by two growth groups. The project 
was performed in the Unipolar Spinal Unit of the ‘S. Maria della Misericordia’ 
hospital in Perugia (USU-PG). This unit is one of the 22 spinal units that comprise 
the Italian National Health System, of which 9 are unipolar. Love & Life aims to 
enhance the psychological sexual health of USU-PG in- and outpatients and their 
partners. To achieve this goal, the project follows the biopsychosocial sexual health 
model of the World Health Organization [57, 58] and human functioning [59]. 
This positive, holistic, and comprehensive view states that sexual health is “a state 
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of physical, emotional, mental, and social well-being in relation to sexuality; it 
is not merely the absence of disease, dysfunction, or infirmity” ([58], p. 3). This 
view implies overcoming the reduction of the medical model and its socio-cultural 
products (myths, attitudes, stereotypes, and prejudices), which restrict sexuality 
to the physiological function of genitalia, phallocentric primacy of sexual pleasure, 
and attractiveness of only bodily perfection. The Love & Life initiative facilitates a 
psychological (emotional and behavioral) change, which increases self- and sexual 
esteem and satisfaction. By promoting a psychoeducational personal growth group 
[60], people with SCI and their partners can experience, express, and rework 
thoughts, fantasies, desires, beliefs, attitudes, values, behaviors, roles, and relation-
ships about sexuality [58].

This project was approved by the ethics committee of the Department of 
Philosophy, Social & Human Sciences, and Education, University of Perugia. The 
project information was disseminated both orally and in paper format. Written 
informed consent was recorded for each group member on a prepared form by 
participant signature.

2. Study 1

2.1 Setting

The inpatients were recruited from the USU-PG by the psychologist working 
in the unit between November and December 2017. All inpatients admitted to the 
USU-PG received a brochure with the goal of the Love & Life initiative, participation 
requirements, topics for the sessions on sexual life in the personal growth group, 
schedule of meetings, and leaders’ names and phone numbers. The same content was 
also presented in a poster format in unit corridors and in other hospital departments. 
In the same time, IR also recruited outpatients from the USU-PG patient registry 
by phone. The personal growth group on sexual life met in the USU-PG wheelchair 
accessible rehabilitation room from December 2017 through May 2018.

2.2 Participants

The inclusion criteria for attending the Love & Life personal growth group on 
sexual life were the following:

• Age ≥ 18 years

• Provide voluntary written informed consent

• USU-PG in- and outpatients with a traumatic SCI (para- or tetraplegic), with 
or without a partner

• Current partner (wife, husband, or sexual partner) of in- and outpatients of 
USU-PG who attended the Love & Life personal growth group

We use ‘participants’ to refer to all those who attended the growth group on 
sexual life and ‘patients’ to refer to both inpatients and outpatients. Fourteen 
participants attended the growth group on sexual life from December 2017 to 
May 2018. Only 11 participants were included in the present study, as explained in 
Section 2.7 (the subsection ‘Sample’).
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2.3 Measurements and procedures

A sociodemographic questionnaire and three outcome measures were self-
administered (see below) by participants and their partners who had provided 
voluntary written informed consent during the recruitment process. The outcome 
measures were administered again at the end of the last group meeting.

Sociodemographic questionnaire. This form was developed ad hoc to collect data 
on participants’ age, gender, sexual orientation, type of SCI (para- or tetraplegia), 
civil status, children, education, employment, citizenship, political orientation, 
and religious beliefs. The sexual orientation was rated on the Kinsey scale [61], also 
called the Heterosexual-Homosexual Rating Scale. It ranges from 0 to 6, with ‘0’ 
indicating exclusively heterosexual/opposite sex behavior or attraction and ‘6’ indi-
cating exclusively homosexual/same-sex behavior or attraction. Ratings 1–5 are for 
those who report varying levels of attraction or sexual activity with either sex. The 
sociodemographic questionnaire was administered to all participants once, before 
the start of the first group meeting.

Sexual Interest and Satisfaction (SIS) scale. This measure is a six-item scale 
designed to measure sexual adjustment after SCI [62]. It is used to assess inter-
est in and satisfaction with sexuality before and after injury [63]. Partners of the 
participants with SCI were instructed to answer the questions by making reference 
to before and after their partners’ injury. Participants are asked to give answers on 
a scale of 0 (non-existent/very dissatisfying) to 3 (increased/very satisfying). This 
sexuality scale is one of the few that has been used within the SCI population [64]. 
Only one study [62] reported validity and reliability properties of the scale on a 
sample of 73 SCI subjects (60 male; mixed injury types; SCI duration >1 year). The 
SIS scale showed a high correlation with age at injury and moderate-to-high correla-
tion with quality of life, and a high internal consistency (Cronbach’s α = 0.96).

Beck Depression Inventory-II (BDI-II). In its current version, the BDI-II is a 
21-question multiple-choice self-report inventory that comprises items relating to 
symptoms of depression such as hopelessness and irritability, cognitions such as 
guilt or feelings of being punished, and physical symptoms such as fatigue, weight 
loss, and lack of interest in sex [65]. Scores for statements ranged from 0 (e.g., “I do 
not feel sad”) to 3 (e.g., “I am so sad or unhappy that I can’t stand it”). Higher total 
scores indicate more severe depressive symptoms. The reliability and validity of the 
BDI-II in the Italian population have been demonstrated [65].

Beck Anxiety Inventory (BAI). This measure was designed to differentiate anxiety 
from depression [66]. The respondents indicate how much they have been bothered 
by each of the 21 symptoms during the past week. Symptoms include the inability 
to relax and trembling hands. Respondents rated each symptom on a scale ranging 
from ‘not at all’ (0) to ‘severely’ (3). The reliability and validity of the Italian BAI 
have been demonstrated [67].

2.4 Structure, content, and techniques of the psychoeducational intervention

The personal growth group met every fortnight for a total of 12 meetings, each 
of which lasted for 2 h. The sessions were held by psychologists and psychothera-
pists with expertise in sexuality and disability. The group meetings were organized 
in two parts: informative and practical. The informative part covered six topics, 
each for two meetings: (i) Me and my new body, (ii) Affective-relational commu-
nication, (iii) Between identity and sexual orientation, (iv) Discovering pleasure, 
(v) Live sexual life, and (vi) Aids to pleasure. The contents were also transmit-
ted through the projection of videos and sexually explicit images, starting from 
the assumption that observational learning has an informative and motivational 
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function [68–71]. The interactive practical part—dedicated to personal growth 
and body awareness—utilized cognitive-behavioral therapy, Gestalt therapy, and 
emotion-focused therapy techniques. Through the cognitive-behavioral therapy 
techniques (e.g., problem management, role-playing, imagery, and modeling) [72], 
Participants were driven by the cycle of creating thoughts and emotions associ-
ated with their own sexuality to address stereotypes and derogatory beliefs about 
sexuality and disability, masturbation, orgasm, pleasure, sexual fantasy, sexual 
identity, and the beauty and attractiveness of the body. This process included the 
identification of possible dysfunctional patterns of self that negatively influenced 
the relationship with their partners. This effort meant overcoming the reductionist 
view that stems from both the disability medical model, which limits sexuality to 
the physiological functions of genitalia and genital sensation as the only possibility 
for sexual experience and heterosexism. Through Gestalt therapy [73] and emotion-
focused therapy techniques [74], the emergence of a new sexual concept has been 
reinforced by increasing awareness on bodily feelings, stressing the relationship and 
the cycle of reflection on exciting emotions to create new meaning. For example, we 
used an empty chair and the imagination of the participants to develop and direct 
dialogs to help them reconcile contrasting aspects of their experience, pay attention 
to the body and verbal language, concentrate on emotions and the here and now of 
the relationship with the therapist or other group members. See the Supplementary 
Material to [63], where two topic guides are provided as an example of two group 
meetings on sexual life.

2.5 Apparatus

During the personal growth group meetings, a computer (Lenovo, ThinkPad 
T560), projector (Epson EB-S05), and wireless speaker (JBL Clip 2) were used to 
watch educational videos and images and perform some psychology exercises (e.g., 
visualization and relaxation exercises).

2.6 Data analysis

All data were processed using IBM SPSS Statistics for Windows, Version 25 
(Armonk, NY). Due to the small sample size, nonparametric statistical tests were 
used. Specifically, the Wilcoxon test for paired samples was used to compare pre- 
and post-intervention scores on the SIS, BDI-II, and BAI for the complete sample 
(participants) and the two sub-groups (patients and partners).

To determine the effect size of the intervention, r was used, which was calcu-
lated by dividing the z value by the square root of N (number of cases used in the 
analysis). The interpretation of r values for effect size is relatively similar to Cohen’s 
d [75]. It was considered negligible if it was less than 0.10, small from 0.10 to 0.30, 
medium between 0.30 and 0.50, and high if it was greater than 0.50. Although we 
used nonparametric statistics for the analyses, means and standard deviations of 
the variables (instead of the median) were reported whenever possible. An inde-
pendent sample Kolmogorov-Smirnov test was also used to compare the patients 
and partners groups and consider possible gender effects.

2.7 Results

Sample. Three out of fourteen male participants who signed the informed 
consent and participated in the group meetings did not complete the complete 
sociodemographic questionnaire and/or outcome measures. Therefore, they have 
been excluded from data analysis. Of the remaining 11 participants (female: N = 6, 
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54.5%; male: N = 5, 45.5%), 4 males had complete paraplegia, 1 female had com-
plete tetraplegia, and 1 female and male each had incomplete paraplegia. All of 
them were outpatients during the group activity. For all participants, the cause of 
SCI was traumatic (years from injury: M = 38.1; min = 26; max = 50; SD = 9.44). All 
four partners of the participants with SCI were females. The 11 group participants 
included 4 couples (8 individuals). One female participant with SCI reported not 
having a romantic or sexual partner.

Outcome measures. All participants (N = 11) improved significantly on SIS 
scale item 5 (“How are your opportunity and your ability to enjoy sexuality your-
self?”; z = −3; p < 0.01), SIS scale total score (z = −2.53; p < 0.05), and BAI scores 
(z = −1.99; p < 0.05). The effect size was high in all cases (r = 0.90, r = 0.76, and 
r = 0.60, respectively). There was no difference in the scores for the SIS general 
satisfaction after injury or BDI.

A significant effect was found on SIS scale item 5 (“How are your opportunity 
and your ability to enjoy sexuality yourself?”) for both patients (N = 7; z = −2.24; 
p < 0.05) and partners (N = 4; z = −2; p < 0.05) with a high effect size (r = 0.84 and 
r = 1, respectively). There were no effects for the total score or general satisfaction 
after injury for the SIS scale, BDI-II, or BAI. Further, there were no significant dif-
ferences between genders or patients and partners. See [63] for more details on the 
pilot data of Study 1.

3. Study 2

3.1 Setting and participants

Recruitment procedures and eligibility criteria for participation were the same as 
in Study 1. The personal growth group on sexual life met from January to June 2019 in 
the rehabilitation room of the USU-PG; it is accessible to wheelchairs. Only 7 partici-
pants were included in the present study, as explained in the subsection “Sample.”

3.2 Measurements, procedures, and apparatus

The self-administered sociodemographic questionnaire, outcome measures, 
procedures for administration, and structure, content, and techniques of the psy-
choeducational intervention were the same as in Study 1. A Sony ICD-PX312 audio 
recorder was added to the apparatuses described for Study 1 (Section 2.5) to record the 
dialogs of each meeting. The COnsolidated criteria for REporting Qualitative studies 
(COREQ ) checklist was followed in reporting the results [76]. The COREQ checklist 
is available at [77].

3.3 Data analysis

Outcome measures. Nonparametric statistical tests were used due to the small 
sample size (Wilcoxon test for paired samples), and the r to determine the effect 
size of the intervention interpreted similarly to Cohen’s d [75], as in Study 1.

Qualitative data. In grounded theory, data collection and analysis occur simul-
taneously [78]. The 12 meetings of the personal growth group were all audiotaped 
by two independent researchers (GC and ACM). All audio recordings from the 
24 meetings were then transcribed, carefully read, and indexed according to 
the grounded theory coding procedure [78, 79]. To investigate the effects that the 
psychoeducational intervention has had on the participants’ sexual health, the most 
significant verbal expressions were identified, and a code/index was assigned to each 
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one through a three-phase-inductive logic procedure, by studying the topic within its 
context and using an emerging design. See the Supplementary Material, where the 
codebook and detailed qualitative data analysis of each meeting are reported [77].

The reliability of codes was evaluated through measuring intercoder agree-
ment, assessing the degree of trustworthiness of each code assigned to the same 
portion of text by GC and ACM. The level of agreement between two researchers 
was assessed using Krippendorff ’s alpha for nominal items [80]; reliability was 
considered optimal if α ≥ 0.800, suboptimal with α ≥ 0.667, and non-optimal 
otherwise (Table 1).

The manual text analysis was transferred to Atlas.ti software (version 8.4) to 
measure intercoder agreement and calculate the occurrences of the categories and 
their relevance. Finally, through the software, the codes that emerged from the 
transcriptions of each meeting were compared to evaluate any differences in the 
theoretical construct that characterized them. By detecting how the codes devel-
oped with the progression of the meetings, it was possible to infer the effect of the 
psychoeducational intervention on the participants’ sexual health.

3.4 Results

Sample. One male and one female (out of nine participants) who signed the 
informed consent and participated in the group meetings did not complete the 
entire sociodemographic questionnaire and/or the outcome measures. Therefore, 
they were excluded from data analyses. Of the remaining 7 participants (female: 
N = 1), 2 males had complete paraplegia, 2 males had complete tetraplegia, 1 male 
had incomplete paraplegia, and 1 male had incomplete tetraplegia. Five of them 
were outpatients during the group activity. For 5, the cause of SCI was traumatic 
(years from injury: M = 8; min = 0.75; max = 11; SD = 3.03). The participating 
female was the partner of a male with SCI, the only couple in the group. Three male 
participants with SCI reported not having a romantic or sexual partner.

Outcome measures. Although not significant, there was an increase in the raw 
values for all participants (N = 7) on SIS scale item 5 (“How are your opportunity 
and your ability to enjoy sexuality yourself?”; M = 1.29–3.57), SIS scale total score 
(M = 10.86–13.14), and SIS scale general satisfaction after injury score (M = −1.57 
to −2). The effect size was medium in all cases (r = 0.36, r = 0.46, and r = 0.60, 
respectively). There were no significant differences in the scores for BDI-II and BAI 
and between genders or patients and partners.

Semantic domain Krippendorff’s Cu-α/cu-α Krippendorff’s c-α-binary

Efficacy of therapeutic intervention 0.822** 0.885**

Rehabilitation of sexuality 0.945** 0.793*

Difficulties from exercises 0.900** 0.818**

Disability experience 0.951** 0.832**

Sexuality experience 0.887** 0.796*

Relationship 1.0** 0.774*

Perceived support 1.0** 0.853**

Total 0.788* 0.951**

*Suboptimal agreement.
**Optimal agreement.

Table 1. 
Level of agreement between the two independent evaluators, as scored using Krippendorff ’s alpha.
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Qualitative analysis assisted by Atlas.ti. The findings resulted in the core category 
‘psychological sexual health after SCI’ and identified the experience of evolving 
sexuality during the personal growth group. Three main themes were identified, 
supported by seven categories: (1) disabled sexuality, (2) influences of family and 
social environment, and (3) effects of psychoeducational intervention. As shown in 
the diagram below (Figure 1), the three themes can be assumed to represent three 
stages of the same process—each one inextricably influenced by the others—and 
resulting in the ultimate purpose of the intervention, namely to achieve sexual 
health after SCI.

Theme 1—Disabled sexuality: “I don’t know how your body can react to my 
caress, it’s not like before.”

Participants expressed their experience of sexuality as influenced by their 
impaired body. They reported psychological experiences related to living with a dis-
ability or with a partner with a disability, a phenomenon that negatively influenced 
daily life and sexuality, compromised the possibility of giving and receiving sexual 
pleasure, and hampered the ability to experience intimacy and affection after SCI.

Disability was experienced as an element that leads to an imbalance in the life of 
the person with SCI and their family, causing anger, anxiety, depression, difficulties 
in self-regulation of emotional states, and caregivers’ psychophysical exhaustion.

It was better that I hadn’t been saved from the accident [...] I would have felt noth-
ing, and 11 years would have passed, that the people who love me wouldn’t. (DM).

There was a constant focus on past life, which was valued more positively than 
present life, often due to encountering difficulties in accepting disability (one’s own 
or her or his partner’s), discomfort, and negative self-perception. In fact, physical 
changes in sexual function and masturbation emerged.

Initially, I had written only a couple of problems related to masturbation, which 
were those of lack of sensitivity, […] of not achieving orgasm as before and there-
fore this created small desire and small excitement, so small desire to masturbate. 
(DP).

I wouldn’t feel pleasure if I touched myself or someone touched it [my penis]. (DM).

It often happens to me that it [my penis] thinks the way it thinks, and I think 
different from it [...] I can’t see if I can put this [my penis] and this [my head] in 
synergy. (SF).

Figure 1. 
Core categories resulted by the qualitative analysis assisted by Atlas.ti and their inter-relationship.
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Related to masturbation before the accident and afterwards, it became almost 
completely absent for me, right? Because it doesn’t give me, to this day, the same 
satisfaction that it did before. (DP).

Unfortunately, I haven’t tried them [sensations] now, because I don’t have the use 
of my hands and nothing, I can’t even think about masturbating right now. (SA).

The participants presented common stereotypes about sexuality and consequent 
experiences with the topic: performance anxiety, sexual dissatisfaction, loss of 
interest, and perception of not being attractive.

I was the first one to call myself asexual or disabled (DP).

I can’t… I couldn’t, I mean, or I could more hardly woo a girl and then tell her to go get 
a pizza, and then I probably couldn’t do what I was able to do when I was 30. (SP).

Finally, there were two opposing attitudes: sexual desire and fear.

I caress him (my partner with SCI) in the face and I feel something moving inside 
of me, but it doesn’t go... it can’t go any further. It can’t... and then I think back to 
the past. And from there I get stuck. (GA).

Theme 2—Influences of family and social environment: “I’ve seen them look 
at me differently.”

Familial, social, and professional relationships influenced sexual dialog with 
current or future partners. The participants expressed that there were changes in 
relational experiences and reflections on the perceived level of support.

The participants reported role changes within the family and conflicts in 
relationships.

At home I did everything, I was the fulcrum. (SA).

Now we talk to each other all the time with something… a little bit of anger, of... if 
he doesn’t want to talk, shut up like he used to, and I’ll raise my voice. (GA).

Furthermore, the participants expressed difficulties in finding a romantic/
sexual partner, and disability was described as a cause of being discriminated.

I believe, from a purely subjective point of view, that not all, I speak of the female 
counterpart, have a detail, that is ‘patience’. About knowing problems of who is in 
a wheelchair and then get to normal sexual intercourse, or… develop fantasies about 
being in a wheelchair and whatever else. (FC).

There was someone I haven’t seen in a long time. When he saw me, I felt like I had 
the worst disease in the world from the look on his face. (SF).

Many people always see only the wheelchair; they don’t see the person, the wheel-
chair as an inanimate object. I just need it to carry that person… not that person, 
that pile of muscle, bones and whatever else from point A to point B. (FC).

The participants also reported that they did not receive enough support (familial 
and institutional) in coping with the changes brought about by their disability. 
Others felt supported by family members and found the psychological support 
received in the rehabilitation process and in the personal growth group important.
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I am working a lot, swimming pool, gym, all private clearly, because it is useless, 
after 3 years I have seen them all. (SA).

Even my children, they can’t understand my anger. (GA).

[My partner] is sincerely facing this sexuality on her part, this sexuality [...] in 
general, she is facing this problem with extreme naturalness, tranquillity, and 
positivity. (SF).

Thanks to you, professionals, who have been supportive along the way. (FC)

Theme 3—Effects of psychoeducational intervention. “I have discovered that 
sexuality is not only physical, but there is also the more satisfying aspect, which is, 
really, that which goes beyond the physical part.”

This theme includes the effects that the intervention had during personal 
growth. Starting from the expectations of the participants, there were moments in 
which the therapeutic environment proved to be effective in achieving its goals. At 
other moments, the group showed difficulties during the exercises.

The therapeutic environment was effective in changing the participants’ state of 
activation. It provided relaxation and well-being and presented strategies and new 
perspectives that increased self-esteem.

I feel that there are a lot of things to do, and it has given me a line, a direction. I 
was really looking for it. (SA).

I did a good job. I also felt some emotions, perhaps crossing the eyes of SA., or FA... 
[...] and it made me feel good emotions. (SF).

Maybe more self-esteem? That is, if I was on a certain level of self-esteem and 
courage [...], the encounters have given back a bit of lymph in being able to deal 
face-to-face this kind of topic with a person. (FC).

The exercises stimulated insight and introspection. Sharing within the group was 
considered by the participants as a means of enrichment.

I realize [...] how limiting was my past way of doing. I understand very well the 
potential of the mind and how restricted was the vision of sexuality that I had 
before with respect to what could be or is. [DP].

The most encountered difficulties concerned the expression of personal experiences 
or those related to the intimate sphere, exercises of imagination, and auto analy-
sis, the latter for members in whom the exercises evoked thoughts related to the 
traumatic event and past life.

When we started talking about sexology, my head went haywire. (GA).

By doing this, in quotes, experiment happiness took my breath away. (DM).

Finally, the intervention stimulated motivation to recover sexual health after SCI, 
with an emphasis on the relational component rather than the physical component 
of the sexual experience. The participants demonstrated that they understood 
the importance of exploring the body and resources, as well as the possibility of 
developing compensatory mechanisms and sexual assistance.
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With my partner every little sign that approaches sexuality is amplified, every 
caress, every word, every gesture enters me with amplified power. (SF).

My new sexuality can be a caress, a kiss, a “thank you”, a word in need... this is 
sexuality for me now. The closeness, the awareness of being together and interact-
ing, sometimes. Together. (GA).

To be aware that, sexuality is not something that just sits there. We talked about 
physicality, but it finds its own progression also through other... other forms of... 
sharing, of participation. (SP).

Let [the sexual assistant] help me or reveal some secrets, some little tricks so that I 
can interact with him. (GA).

4. Discussion

The two studies provided pilot data on the effectiveness of a psychoeducational 
intervention for the sexual life of two groups of in- and outpatients and their part-
ners performed at the USU-PG. We would like to emphasize that the first notewor-
thy outcome of this project (Love & Life) was the realization of an initiative aimed 
at promoting the sexual life of people with SCI in an Italian public health facility. As 
far as we know, this project was the first in Italy to tackle the issue of improving sex 
life and not just treating sexual dysfunction of people with SCI. Given the novelty of 
the initiative, we have had to battle with deep psychological, cultural, and religious 
reluctance to accepting the treatment of sexuality as an inherent aspect of personal 
well-being that no trauma can eradicate. Breaking the resistance of people (disabled 
and non-disabled, patients and partners, health workers and laypeople) even to con-
sider that people with SCI also have the capacity to have relationships, experience 
love, and experience sexual and romantic attraction was a big deal. Having said that, 
23 people’s involvement is already reflective of the effectiveness of our initiative.

4.1 Sex, education, religion, and other characteristics of the participants

Although the composition of the personal growth groups on sexual life was not 
defined in any way by the criterion of representativeness of the Italian population 
to the SCI, some of the characteristics of the sample tend to be compatible with the 
main SCI data. For instance, the prevalence of males with SCI in the group reflected 
the worldwide male-to-female ratio (4:1) [81, 82]. Only one participant (Study 2) 
has reached a master’s degree level, only one a bachelor’s degree (Study 1), and six 
a high school diploma (Studies 1 and 2). This finding is consistent with another key 
fact: SCI is associated with lower rates of school enrolment [83].

Except for one patient (Study 2), the cause of SCI was traumatic. The mean age 
when the traumatic event occurred was 37.2 years, data that are consistent with 
Pagliacci et al. [81] on the Italian SCI population (38.5 years). Ten participants 
declared that they were Roman Catholic, five from Study 1 and five from Study 2. 
Two of them (Study 1) were a lesbian couple with a civil union. The remaining par-
ticipants declared themselves non-religious. In the two samples studied, the Catholic 
affiliation was lower than the national average—74.4% according to Ipsos Public 
Affairs [84]. Dealing with a sexually explicit topic seems to attract more people who 
do not have a religious affiliation or an orthodox view (e.g., lesbian couples in civil 
unions) because religions have specific sex teachings that can condemn masturba-
tion or sexual relations outside of a heterosexual marriage [1, 19, 45, 49, 85–87].
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4.2 Outcome measures and effect size

The effectiveness of the psychoeducational intervention was clearly apparent, 
denoted by a high (Study 1) or medium (Study 2) effect size in improving sexual inter-
est and satisfaction as well as the opportunity and ability to enjoy sexuality. Anxiety 
was also reduced for all participants in Study 1 but not Study 2, although this outcome 
may not have been related to the psychoeducational intervention. Conversely, the 
intervention did not appear to significantly reduce levels of depression in patients or 
partners (Studies 1 and 2). This result might be clarified by the fact that the level of 
anxiety reported at the beginning of the first group meeting may be influenced by the 
context of novelty and sensitivity of the topic. When the re-test was carried out at the 
conclusion of the last group meeting, the climate was more friendly and the issue of 
sexuality less concerning. Hence, the decreased levels of anxiety could be more due 
to an intervening variable (anxiogenic context) than to treatment effectiveness. This 
potential fact could also explain why there has been no improvement in the levels of 
depression, which usually tends to positively correlate with anxiety [66, 88]. Indeed, 
the personal growth group on sexual life was primarily focused on improving aware-
ness of sexuality conveyed by sexually explicit videos and therapy techniques focused 
on feelings and social relationships. Anxiety and depression might be determined by 
many other factors [88] that affect the quality of life of the patients and, consequently, 
their partners, besides sexual function, interest, and satisfaction. In addition, an effi-
cacious psychotherapeutic treatment for observing reduced anxiety and depression 
might require more than 12 meetings over a period of 3 months [89, 90]. However, our 
findings correspond to the study by Harrison et al. [91] in which anxiety and depres-
sion were experienced by the same individuals, and anxiety—but not depression—was 
related to the sexual dysfunction of a woman with SCI.

4.3 Qualitative data (study 2)

The effectiveness of the psychoeducational intervention also clearly emerged 
from the qualitative analysis because it has promoted a path of self-confidence 
(“The encounters have given back a bit of lymph in being able to deal face-to-face 
this kind of topic”) and it shattered prejudices about sexuality (“I understand very 
well the potential of the mind and how restricted was the vision of sexuality that I 
had before”).

The three themes that emerged from the qualitative analysis are consistent with 
those elements highlighted in the Introduction. Sexuality emerged as closely linked to 
one’s own and other’s perception of the functioning and image of the body. A disabled 
body has disabled sexuality [92]. Recovering sexual health involves regaining the 
image of one’s body and confidence that one can still give and receive pleasure [2, 4].

It is also clear from the qualitative analysis that stereotypes do not only concern 
nondisabled people toward people with disability; they also affect the people with 
disability themselves (“I was the first one to call myself asexual or disabled”) [4, 5]. 
Finally, the adjustments that every person with SCI must tackle to regain their sexual 
health inevitably pass from the quality of social relationships (“Many people always 
see only the wheelchair”), ranging from the recovery of intimacy with the partner to 
trust in their own attractiveness.

5. Conclusions

Several studies [5, 9, 93–96] and guides [1, 4, 68] urge that adequate education 
[96] and psychological support [97] be provided to people with SCI in order to 
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facilitate successful participation in sexual activities. These studies also highlight 
the need to involve intimate partners in discussions related to sexuality during 
the rehabilitative process [96] in an inclusive approach that gives women—in the 
same way as for males—the opportunity to talk with peers with SCI about sexual 
health during the initial rehabilitation and after returning home [98]. The first and 
greatest achievement of the Love & Life project was to develop, in Italy, an environ-
ment where a psychoeducational intervention could meet the needs of people with 
SCI, provide adequate education and psychological support, include partners, and 
create a space for peer-to-peer interaction. The intervention effectiveness also offers 
strong, clear evidence of the validity of the accepted biopsychosocial model that 
overcomes a reductionist view that restricts sexuality to the function/dysfunction 
of genitalia, phallocentric primacy of sexual pleasure, and attractiveness of only 
perfect body. We do not believe we have solved the complexity of the sexual lives of 
women [99] and men with SCI and their partners, but we hope that the Love & Life 
initiative will lead to a new way forward to address this complexity.
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Chapter 8

Beyond the Quality of Life in 
Bowel Dysfunction after Spinal 
Cord Injury: Approaches to the 
Consequences in Motility, Immune 
System, and Microbiome
Estefanía de la Cruz-Castillo and Elisa García-Vences

Abstract

Spinal cord injury (SCI) is a harmful event that involves several repercussions 
on sensory and motor function that affects the quality of life (QoL) of patients. 
After SCI, many damage mechanisms are activated that impact on both autono-
mous extrinsic and intrinsic innervation toward the gut, and these changes modify 
the gut motility causing bowel dysfunction (BD), an entity that affects 40% of 
patients with SCI, being the second comorbidity after loss of mobility with no 
recognized cure. The severity of complications is ruled by the level and severity 
of injury, having a worse prognosis with an injury that is the most proximal to the 
brain. In the last 5 years, some experiments have tried to elucidate the consequences 
of dysbiosis in the gut and aggregated proinflammatory processes. The goal of this 
chapter is to establish the importance of bacterial composition and immune system 
repercussions in bowel dysfunction after SCI and how could it give rise to new 
therapies.

Keywords: neurogenic bowel dysfunction, autonomic dysreflexia, gut microbiota, 
spinal cord injury

1. Introduction

Spinal cord injury (SCI) refers to the traumatic damage to the spinal cord and 
represents a harmful event that involves several repercussions on sensory and motor 
function that affects the quality of life (QoL) of patients (Furlan, Global incidence 
and prevalence of traumatic spinal cord injury) [1].

The most severe consequences of SCI are partial or complete loss of sensory 
function or motor control of arms, legs, and/or body, followed by the neuro-
genic bowel and bladder dysfunction, and other autonomic dysreflexia (AD) 
signs [1, 2].

In addition, if that was not enough, due to several comorbidities, patients have 
1.29-fold increased risk of depression or anxiety [3].
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1.1 Epidemiology and public health

SCI is a worldwide disease; prevalence is estimated in 1298 per million, while the 
global incidence varies depending on the geographical region, so it has been calcu-
lated between 8 and up to 246 cases per million per year [2, 4, 5].

In the last 30 years, these data have been increasing [6–8], and most frequent 
etiology is traumatic, representing 90% of cases [8]; vehicle accidents are the main 
cause [9], followed by injury due to falls in elderly population.

Males are most at risk, corresponding to the 80% of those affected, with a male 
to female ratio of 3.2:1 [4, 10] aged between 16 and 35 years [6, 11].

SCI represents a public health problem as it affects the working age population, 
with a mortality risk two to five times more likely to die prematurely than healthy 
people; several studies report a mortality rate during the first year after trauma of 
about 15% [12].

Also, this disease demands financial resources from patients, their families, 
and the government [13]. Annually, the economic waste associated to SCI in the 
United States amounts up to approximately 21.5 billion dollars, while in other health 
systems, such as Canada, an investment of up to 2.67 billion dollars is estimated, 
considering direct and indirect costs, which range from posttraumatic infections, 
medical consultations, caregiver services and rehabilitation, etc. [14].

2. Systemic complications induced by SCI

These acute and chronic changes arise and are worsened by the gradual multiple 
organ dysfunction that in combination with an increasingly sedentary lifestyle leads 
the SCI patient to metabolic syndrome (trunk fat, low HDL levels, and high triglyc-
eride levels), which affects more than a half of SCI patients [15], implying threefold 
increased risk of developing cardiovascular disease and fivefold increased risk of 
developing diabetes [16], as well as other systemic alterations like hematological 
(anemia in acute phase, thrombocytosis) and biochemical [low concentrations 
of albumin and globulins and high concentration of aspartate aminotransferase 
(AST)] [17], decreased immune function (spinal cord injury-induced immune 
deficiency syndrome SCI-IDS) [18], bowel dysfunction, and gut dysbiosis [19], 
perhaps, the last three caused by autonomic dysreflexia [20].

2.1 Is autonomic dysreflexia responsible for other comorbidities in SCI?

Clinically, patients with SCI have several comorbidities associated to the level of 
injury; when the lesion is above the seventh thoracic vertebra, it usually produces 
sympathetic hyperactivity causing symptoms like systemic vasoconstriction and 
parasympathetic activity, below and above the site of injury, respectively; this set of 
alterations are called autonomic dysreflexia (AD) [21].

AD is defined as “episodic hypertension and concomitant baroreflex-mediated 
bradycardia initiated by unmodulated sympathetic reflexes in the decentralized 
cord” [22]. This ambiguous definition identifies the elevation in systolic blood pres-
sure as the main sign; however, these diagnostic criteria are not well defined [23]; 
in addition, these patients can suffer other symptoms such as headache, sweating, 
anxiety, and arrhythmia [24].

AD incidence in patients with lesion at or above T6 segment is 92.8% and, in 
some cases, could be asymptomatic, up to 42.9% [25] depending on intensity, 
level, and time elapsed since SCI. It is important because it represents the principal 
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cause of mortality and must be diagnosed timely to prevent severe complications 
like cardiac arrest, stroke, and seizures [22].

The impaired visceral or somatic stimulation of the sympathetic preganglionic 
neurons (SPN), due to colon and bladder overdistension (most frequent), skin 
lacerations, and pressure sores, results in a massive sympathetic reflex as a result 
from three things: (1) the maladaptive plasticity of neural network, (2) the imbal-
ance between excitatory and inhibitory neurotransmitters, and (3) the enhanced 
peripheral adrenergic sensitivity, which is predominantly established in chronic 
phase, 3–6 months after injury [21].

In addition, other less recognized alteration is in the immunomodulatory 
response, described as the SCI-IDS, characterized by decreased lymphocyte activity 
with poor proliferation of hematopoietic progenitor cells and spleen (secondary 
lymphoid organ) atrophy due to the loss of negative feedback on releasing catechol-
amines causing poor maturation of T and B lymphocytes [26].

Is well-known that the disruption of the parasympathetic nervous system (PNS) 
also affects cell proliferation [27, 28], and recent findings had confirmed that 
parasympathetic activity is linked to cell proliferation and cell cycle-related gene 
expression above the neurological level of injury rather than below it; in which case, 
the main neurotransmitter involved is the acetylcholine in the upregulation of some 
genes that participate in the chromosomal instability [29].

This suggests that SCI goes beyond the patient’s locomotor impairment explain-
ing the increased risk of cancer in these patients and the severe repercussions to the 
gastrointestinal tract conditioning BD (gastric ulcers, paralytic ileus, anal inconti-
nence, anal fissures, and hemorrhoids) [22], a complex phenomenon secondary to 
hypoxia caused by the massive sympathetic discharge.

3. Bowel dysfunction

Bowel dysfunction (BD) is one of the most frequent complications in patients 
with SCI, with a frequency of 25–41% of cases [30–32].

In BD, there are changes in the extrinsic autonomous innervation that goes 
to the gut, resulting in impaired motility (constipation in 46% and anal/fecal 
 incontinence in 41%), sphincter control (31% of cases), and abdominal cramps 
(18%) [32, 33].

On the other hand, intrinsic enteric innervation remains intact, but over time, it 
may lose its integrity due to changes in the extrinsic system [34].

3.1  Effect of neurogenic bowel dysfunction in quality of life following spinal 
cord injury

Most of the time, paraplegic patients receive special attention for the treatment 
of movement limitations instead of managing the patient like a whole entity setting 
aside another secondary health conditions and most importantly, quality of life.

In accordance to A. Donabedian, the Committee on Quality Health Care in 
America published “Crossing the Quality Chasm,” focusing on six fundamental 
concepts, especially the third should be noted, as it points out to respectful patient-
centered care in response to its values and necessities [35].

We must define QoL as the patient’s perception of its own position in life, con-
ditioned by its culture, value, goals, expectations, and concerns, and its importance 
is intimately associated with hospitalization, diminished social interaction, poor 
involvement in rehabilitation, and early death [36].
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It is well-known that all comorbidities in SCI-reduced QoL patients injured 
at C5-T1 have the worst punctuation, being the most important causing pressure 
ulcers, respiratory complications, and BD [37]. BD is a major physical and psycho-
logical problem pointed out by several authors; constipation, gastrointestinal pain, 
and megacolon and fecal incontinence influence daily activities leading to social 
isolation [33].

There are about 13 questionnaires to determine objectively QoL in SCI like the 
Spinal Cord Independence Measure (SCIM III), a tool that indirectly evaluates 
some areas of self-care, respiration, sphincter control, and mobility. Another is the 
World Health Organization Quality of Life Assessment (WHOQOL-BREF), with 
four domains, physical and psychological health, social relationships, and environ-
ment [38], and the Short Form 36 (SF-36) that measures both physical and mental 
health component [39]. However, they have bad sensitivity in the identification of 
poor QoL dependent of BD, except the Health Utility Index Mark III (HUI-III) that 
additionally analyzes secondary health conditions with a good discrimination from 
patient with or without BD [40, 41].

Although there are a great variety of tools to evaluate QoL, it is not a usual 
practice in medical consultation, and in most cases, the problem is not properly 
addressed, only focusing on treating the symptoms until it is too late and an 
invasive procedure like colostomy is imminently required. The evidence has dem-
onstrated the poor or null influence of this type of therapies in QoL [42], perhaps 
because they are not curative therapies.

Other authors suggest an individualized plan that includes diet and medication 
[43]; however, the lack of information about the pathophysiology has not allowed 
scientific advances in the development of strategies to restore intestinal motility 
and function.

3.2 How could BD in SCI patients be explained?

According to Mazzone and Farrugia, gastrointestinal motility is the property of 
the intestinal walls to contract and relax so that the contents of the intestine go from 
one place to another, allowing the proper absorption of nutrients [44].

First, we must remember that in this physiological process, three structures are 
involved: (a) the CNS, (b) enteric nervous system (ENS) [Meissner (submucosal) 
and Auerbach (myenteric) nerve plexus], and (c) autonomic nervous system (ANS) 
(sympathetic and parasympathetic).

The ENS connects with the CNS through afferent or sensory pathways (respon-
sible for maintaining the reflexes and sensation of the visceral organs) and efferent 
or motor pathways (innervate all the smooth muscles of the body and glands) of 
the ANS. The ANS is organized into four ganglion groups: (a) paravertebral, (b) 
prevertebral, (c) paravisceral, and (d) intramural [45].

The paravertebral nodes are connected to each other and form two ganglionic 
or sympathetic chains, which connect to the spinal nerves through the com-
municating branches. The prevertebral nodes also connect with each other and 
form the abdominal plexus, consisting of the celiac and the superior mesenteric 
 ganglion [46].

The paravisceral ganglion encompasses some viscera and highlights the cardiac 
and pelvic plexus. Meanwhile, the intramural ganglion is located in the wall of the 
gastrointestinal tract (GIT) and the bile duct [45].

In summary, paravertebral and prevertebral ganglia are the most impor-
tant components of the sympathetic system (whose origins are in the thoracic 
and lumbar spinal cord segments) and the autonomic cranial ganglia of the 
parasympathetic system, which involves the vagus nerve and the pelvic plexus 
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(sacral portion of the spinal cord), which also receives sympathetic innervation. 
Specifically, the intramural ganglion of the intestine is not considered sympa-
thetic or parasympathetic because both pathways are interconnected, constituting 
the ENS [47].

The ENS has two main components, the Meissner plexus and the Auerbach 
plexus. The first is located between the inner layers of the circular and submucosal 
muscle layer, and its function is to regulate the function of digestion and absorption 
at the level of the mucosa and blood vessels, especially in the small intestine and 
colon. Meanwhile, the Auerbach is located between the circular and longitudinal 
muscular layer and is responsible for coordinating the contraction/relaxation of 
muscle layers along the entire GIT [46, 48].

Reaffirming, the consequences after SCI directly depend on the level of trauma, 
as well as intensity and type of injury, having a worse prognosis with lesions that 
are the most proximal to the brain. Classically, lesions can be divided by severity 
depending on the neurological level in (a) cervical, (b) thoracic, (c) lumbar, or (d) 
sacral. Based on this classification, the American Spinal Cord Injury Association 
(ASIA) designated the neurological standards of spinal cord injury [1].

The neurological level is defined as the most distal segment of the spinal cord 
with normal motor and sensory function on both sides of the body, while the sever-
ity is defined as complete/incomplete sensory and incomplete motor with preserved 
function in more than a half of the key muscles or incomplete motor with preserved 
function in at least half of the key muscles [49]. For example, those patients injured 
in segments C6–C8 will require additional care to avoid comorbidities caused by BD 
or neurogenic bladder (NB) [50].

These changes fail to explain the mechanisms of intestinal dysmotility [51, 52]; 
however, other explanations arise: the microbiota-gut-brain axis (MGBA), which 
communicates with each other via various routes, including endocrine, the vagus 
nerve, and immune signaling, whose main function is the monitoring and integra-
tion of intestinal function [53].

Other mechanisms of gut motility are the effect exerted by the substances 
generated at this level on the excitability of smooth muscle, peripheral enteric 
nerves, and central ones [54], as well as the direct action of microbial metabolites as 
signaling molecules in the brain [48].

3.2.1 What happens after spinal cord injury?

The SCI pathophysiology can be divided into two phases, primary and second-
ary. The primary injury occurs immediately, from seconds to minutes, causing 
cellular and extracellular damage induced by the mechanism of injury, whether 
mechanical or nonmechanical. This serves as the origin to trigger the secondary 
injury constituted by the mechanisms of damage, which involve vascular, cellular, 
and biochemical events that cause damage to the resident cells that survived the 
initial damage, which will take place in minutes to weeks [55].

Due to its temporality, the SCI is classified into three phases: the acute phase, 
the secondary or subacute phase, and the chronic phase. In each phase several 
groups of cells and molecules of the nervous, immune, and vascular system are 
involved [56, 57].

The acute phase occurs due to the direct damage of the trauma, causing cellular, 
physical, and biochemical alterations both locally and systemically. These reactions 
are triggered by hemorrhage, destruction of the blood spinal cord barrier, and 
infiltration of inflammatory cells causing systemic hypotension, spinal shock, 
vasospasm, ischemia, plasma membrane involvement, ionic homeostasis disorders, 
and neurotransmitter accumulation [58].
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Subacute phase is carried out minutes after the injury, lasting for weeks or 
months. Further the ionic imbalance, edema and necrosis, and other events happen, 
such as the formation of free radicals, glutamate-induced delayed calcium (Ca2+) 
entry, lipoperoxidation, demyelination, and cell death by apoptosis [56, 57]. These 
damage mechanisms establish an interconnected network characterized by an 
incessant feedback that self-propagates and perpetuates once the trauma has begun, 
promoting other secondary self-destructive mechanisms causing more damage to 
the neural tissue [59].

After this, the glial cells, which originally provided support to the neurons, will 
secrete cytokines in response to mechanical damage. The activation of astrocytes 
and pericytes and the recruitment of peripheral fibroblasts and Schwann cells [60] 
will result in the chronic phase, characterized by the formation of glial scar (cellular 
and fibrotic or acellular) and a cystic cavity around the epicenter of spinal cord 
injury within 28–42 days after the injury [60].

The scar is characterized in that the astrocytes, previously activated by TGF-β 
(in addition to the activation of microglia and macrophages and the deposition of 
fibronectin and laminin) [61], pericytes, and perivascular cells infiltrate within 
the nucleus of the lesion where they promote the secretion of extracellular matrix 
components (EMC; fibronectin, laminin, and collagen) [62]; meanwhile, periph-
eral Schwann cells infiltrate the epicenter where they upregulate fibroblast markers 
contributing to the addition of EMC components.

This process is aimed at neural regeneration (neurotrophin production, cell 
debris removal, repair of the blood spinal cord barrier, and sequestration of reactive 
species [63]); however, it is hindered by proliferative astrocytes and a cumulus of 
EMC superimposed around the lesion, which will become rigid, keeping up intact 
chronically, avoiding cell migration, and becoming a regulator of axonal growth 
and regeneration [60].

Each stage is well characterized by a group of inflammatory events that will 
determine the severity of sequelae in the patient.

These systemic changes also have an important impact in the gastrointestinal 
tract, and it has been proven that higher levels of tissue loss at the lesion epicenter 
are directly proportional to gastroparesis and delayed gastric emptying with a spe-
cific proinflammatory pattern, especially during the acute-subacute phase in which 
a mild inflammatory cascade produced by the mesenteric hypoperfusion takes 
place with macroscopic alterations as gastrointestinal atrophy, necrosis, phagocyte 
infiltration, serosa and submucosa fibrosis, and decreased villi in the duodenum at 
high lesion levels with absorption commitment [64].

3.2.2 From general to specific: the inflammatory response in BD after SCI

The immune response in the SCI begins in the acute phase, making cellular and 
molecular responses that lead to the development of the inflammatory response, 
which plays an important role in the cascade events caused by the secondary 
lesion [65].

Physiologically, the goal of any inflammatory process is to phagocyte cell debris 
at the site of injury; however, the CNS is considered an immune privileged organ; 
that is why an uncontrolled and exacerbated response is triggered, which causes 
damage to healthy tissue adjacent to the site of injury, so its role seems to be harmful 
rather than beneficial [65, 66].

In this inflammatory process, four categories of immune cells are mainly distin-
guished: neutrophils, monocytes, microglia, and T lymphocytes.

Neutrophils are the first to arrive at the site of injury, and their arrival is by 
recruitment of the circulatory system through the expression of adhesion molecules 
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in their membranes, called chemokines. The neutrophils will be in charge to remove 
the remaining tissue; in addition, they will release cytokines, proteases, and free 
radicals. This activates other cells in the inflammatory cascade, triggering damage 
and neuronal death [67].

Shortly after the arrival of neutrophils, monocytes infiltrate the spinal cord, 
differentiating themselves into macrophages and acquiring a pro-inflammatory 
phenotype, contributing to the production of free radicals and pro-inflammatory 
cytokines such as interleukin (IL) 8, IL-1 beta (IL-1β), and tumor necrosis factor 
alpha (TNF-α) [66].

Free radicals and pro-inflammatory cytokines contribute to the expansion of 
the lesion, worsening the impact of the damage; this is because free radicals derived 
from nitrogen and oxygen can form highly neurotoxic compounds such as per-
oxynitrite and unchain the phenomenon of lipoperoxidation and subsequent axonal 
demyelination, losing electrical conductivity below the site of injury [66–68].

On the other hand, the microglia are the innate immune cells of the CNS, being 
the first cells to acquire an inflammatory phenotype, along with macrophages; 
when it is damaged, these produce IL-6 and nitric oxide and could activate lympho-
cytes in the injury site [69].

The role that lymphocytes play in SCI is controversial, because they can be acti-
vated by neural antigens such as the myelin basic protein and considered self-reac-
tive T lymphocytes that have self-destructive and inflammatory properties, which 
together with all the inflammatory mechanism eventually promote demyelination, 
causing the loss of the function of the neuronal connections with the peripheral 
nervous system (PNS) [68].

All these alterations provoke the impairment of the ANS [70], therefore result-
ing in poor intestinal irrigation and BD with all its negative consequences, previ-
ously described. At the upper GIT, proinflammatory chemokines Cc13, Cc12, and 
Icam1 are upregulated the first 3 days after trauma triggering an inflammatory 
response in the intestine causing an increased intestinal permeability that allows 
bacterial translocation, a vicious circle that maintains BD [64].

Recently, Pde4b [cAMP-specific, Pde4 subfamily b (Pde4b)] enzyme activated in 
macrophages, in gut dysbiosis, has been associated in the induction of proinflam-
matory state in the CNS and the white matter loss after SCI through the production 
of LPS-induced TNF-α, IL-1, and nitric oxide contributing to neural damage [70].

3.3 The role of microbiome in bowel dysfunction after SCI

The GIT is the main interface of interaction and nutritional exchange between 
the inside of the individual and the outside of the world [71]. Around the 90% 
of the cells found in the human body are not human, but most have a prokaryotic 
origin, derived from at least 40,000 bacterial strains of 1800 different genera. 
During an average lifetime, about 60 tons of food passes through the human GIT, 
and with it are a large number of microorganisms from the environment [72].

The GIT is colonized by approximately 100 trillion of commensal microorgan-
isms which is given the definition to gut microbiota that involves mostly Archaea 
and Eukarya bacteria, with up to 1000 species and more than 7000 strains [73].

The so-called microbiome encompasses the total microorganisms along with 
their genetic material, which corresponds to our genome 100 times larger.

Recent research has shown that at least 70% of the gut microbiota is integrated 
by two phylotypes, Bacteroidetes and Firmicutes, and in less quantity, Proteobacteria, 
Actinobacteria, Fusobacteria, and Verrucomicrobia [74].

Several factors, such as immune mechanisms, diet, and intestinal motility, as 
well as other stress mechanisms such as sepsis, burn, trauma, and infection, could 
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modify bacterial composition [75]. However, there have been some studies that 
support the therapeutic restoration of the microbiota with the use of probiotics, 
prebiotics, or symbiotics.

The microbiota offers many benefits for the host by maintaining a symbiotic 
relationship, such as strengthening the integrity of the mucous barrier, which 
provides nutrients like vitamins and also protection against pathogens and 
immunomodulation [76]. Meanwhile, dysbiosis can alter the balance and induce 
disease [77].

In the last 10 years, there have been many researchers investigating the effects of 
these microorganisms and their metabolites at different levels with beneficial find-
ings in the irritable bowel syndrome, visceral pain, psychiatric disorders, alterations 
in the memory, and traumatic injuries in the CNS such as stroke [71, 78].

Gut’s bacteria, specifically those found at the ileocecal valve and colon,  produce 
some carbohydrate-active enzymes, which gives them the ability to produce 
complex carbohydrates through anaerobic fermentation generating metabolites 
such as short-chain fatty acids (SCFA). Three SCFA are mainly recognized, 
 propionate, butyrate, and acetate, typically found in the ratio 1:1:3. The SCFA are 
rapidly absorbed by colonocytes in order to participate in the cellular regulation 
processes such as gene expression, chemotaxis, differentiation, proliferation, and 
 apoptosis [79].

Smaller monocarboxylic acids, with less than six carbon atoms, are participants 
in pleiotropic signaling [75].

Those involved in the microbiota-gut-brain axis (MGBA) develop in parallel, 
mostly being important in the first 3 years of life because the blood-brain barrier 
(BBB) is more permeable and could allow the intake of toxins into the brain when 
the patient is under stress, as in the case of inadequate bowel colonization, altering 
proliferation, myelination, and neuronal plasticity. This may worsen as an exac-
erbated response to stress carried out by the hypothalamic-pituitary-adrenal axis 
(HPA), which could also condition the development of the vagus nerve. Therefore, 
MGBA development must be considered especially important [80].

This axis is formed by the CNS, the neuroendocrine and neuroimmune system, 
branches of the sympathetic and parasympathetic ANS, the enteric nervous system, 
and the gut microbiota [81, 82].

In summary, signals are sent by the brain and could affect the motor, sensory, 
and secretory function of the bowel, while bidirectionally, visceral signals influence 
brain function [81].

Several routes of communication between the brain and gut have been 
described, such as the activation of afferent sensory fibers of the vagus nerve, 
neuroimmune pathways, neuroendocrine pathways, microbial metabolites such as 
SCFA, and microbiota-derived neurotransmitters, such as gamma-aminobutyric 
acid (GABA), serotonin, catecholamines, and acetylcholine [81, 83].

Both SCFA and gastrointestinal hormones and cytokines, whether pro-/
anti-inflammatory, travel through the portal circulation and the meningeal lym-
phatic system to the CNS [81]. Its action mechanisms are carried out directly and 
indirectly; this means that it is not necessary for SCFA to get in the CNS; however, 
its transport through cell membranes is done with pH-dependent transporters, 
H+-coupled, called monocarboxylate transporters (MCTs) and sodium-coupled 
(SMCTs) transporters [81]. These families transport pyruvate, lactate, and butyr-
ate, as well as other ketone bodies [84].

MCTs and SMCTs are found at the apical surface of colonocytes, and their 
expression is regulated by lumen butyrate concentrations, through NF-κB 
 signaling [85].
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However, they are not only expressed in the intestine, they are also present in 
liver, kidney, intestinal dendritic cells [85, 86]. In the CNS, neurons have SMCT1, 
while astrocytes have a greater amount of MCT1 [84], although microglia [87] and 
oligodendrocytes also express them [88].

Meanwhile, in the blood-brain barrier (BBB), MCT1 is also expressed; its 
importance has been proven in experimental models with decreased butyrate levels 
where it is associated with loss of integrity and increased permeability. The ability 
of butyrate to cross the blood-brain barrier has been demonstrated in different 
studies where it has been administered orally and there is a dose-dependent increase 
in acetylation of histone H3 in neurons and glia [89].

The effects of SCFA can also be carried out by activating surface butyrate-
related receptors [90]; there are four G protein-coupled receptors (GPCRs): free 
fatty acid receptor-2 (FFAR2), free fatty acid receptor-3 (FFAR3), hydroxycarbox-
ylic acid receptor-2 (HCAR2), and olfactory receptor-51E1 (OR51E1) [91].

FFAR2, FFAR3, and OR51E1 are found in enteroendocrine cells; this is where 
the interaction between probiotics and prebiotics takes place, promoting the 
production of SCFA and catalyzing the release of hormones such as cholecysto-
kinin (CCK), the tyrosine-tyrosine peptide (PYY), and the glucagon-like peptide 
type-1 (GLP-1). In the last one, prebiotics have greater effects than those of 
probiotics [92, 93].

Symbiotics promote the production of dopamine (DA), serotonin (5-HT), 
norepinephrine (NA), and GABA [94], which modulate the proximal synapse in the 
ENS, which in turn, will allow gut-brain communication when synapsing with the 
vagus nerve [95].

The regulation of the MGBA also has effects at the HPA axis level, by modify-
ing the levels of the adrenocorticotropic hormone (ACTH) and/or corticosteroids 
(CORT) [96]. In addition, it can directly influence the biochemistry of the CNS by 
altering the levels of the brain-derived neurotrophic factor (BDNF) who plays an 
important role in the development and plasticity of the nervous system, memory, 
and learning. It has been reported that higher butyric acid levels, for example, by 
Bifidobacterium breve and Clostridium butyricum, in turn increases the levels of 
BDNF who inversely decreases the production of pro-inflammatory cytokines such 
as interleukin-1 beta (IL-1β) [97], c-Fos, and GABA [98].

As previously mentioned, the immune system is also influenced by regulating 
the production of limited pro-inflammatory cytokines which will consequently 
influence the CNS.

3.3.1 How does the microbiota influence the immune system?

Immune system is influenced by MGBA through the inhibition of histone 
deacetylase HDACs, a protein family capable to catalyze the removal of acetyl 
groups from lysine residues [57].

This type of intracellular signaling can modify the activation of transcriptional 
or posttranslational processes in more than 1700 proteins; more frequently, they 
are carried out in nucleosome where their acetylation provokes the activation of 
transcription [58].

The HDAC family is divided into five subclasses, and its function is triggered by 
endogenous products such as butyrate which inhibits HDAC I and IIa (more benefi-
cial subtypes for the host). Through this activation/inactivation mechanism, butyr-
ate has effects on the immune system by regulating the activity of T-regulatory cells 
(Tregs), T CD4+ and T CD8+, lymphocytes, and microglia. In addition, monitoring 
the gut microbiota is done when changes in butyrate levels are detected [55].
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Inhibition of HDAC and activation of FFAR2 induce the differentiation of Tregs 
expressing FoxP3, producing anti-inflammatory cytokines such as transforming 
growth factor-beta (TGF-β) and IL-10, suppressing the production of IL-2 and 
interferon-gamma (IFN-γ), inhibiting the production of inducible nitric oxide 
synthase (iNOS), and inducing apoptosis of active or resting TCD4+ and TCD8 
through HDAC inhibition [55].

Propionate is also capable of upregulating the Foxp3 and IL-10 production 
showing that SCFA work selectively [61].

Butyrate modulates the activity of microglia in non-inflammatory situations by 
interfering with their maturation, morphology, and functioning or inflammatory, 
by reducing NF-κB signaling and inducing neuroprotective effects [68].

3.4 Microbiota and SCI: a close relationship?

It is suspected that there are SCFA in the CNS due to the expression of trans-
membrane receptors and transporters in neurons; however, there is no evidence of 
physiological concentrations of butyrate in brain or cerebrospinal fluid; perhaps 
butyrate peaks that have not been measured in previous studies must be quantified. 
In in vitro studies, butyrate concentrations ranging from 0.4 to 0.7 mmol/L have 
been determined [83].

Under pathological circumstances, negative effects on microbiome have been 
described; particularly, SCI has negative effects on the gut microbiota as described 
by some authors (Table 1).

One more research that has not concluded is the multicenter, double-blind 
randomized placebo-controlled study that is ambitiously looking for better bowel 

Experimental 
model

Outcome Microbial composition 
identified

Reference

Fecal microbiota 
transplantation 
in one tetraplegic 
patient with severe 
recurrent Clostridium 
difficile infection

Patient recovered after 
transplantation and did not relapse 
from C. difficile infection until 12 
weeks later

— [99]

SCI-T9 mice Bacterial translocation in the gut
Increased gut epithelial 
permeability
Increased activation of immune 
cells in the gut-associated lymphoid 
tissue (GALT)
Gut dysbiosis results in a worse 
prognosis for locomotor recovery

Decreased relative 
abundance of Bacteroidetes 
and increased in Firmicutes 
(Clostridium)

[100]

Adult SCI patients 
[upper motor neuron 
(UMN); lower motor 
neuron(LMN)] 
vs. healthy adult 
patients

Decreased relative abundance of c 
members with differences between 
the different levels of injury (higher 
levels of injury provoke worse gut 
dysbiosis)

Decreased relative 
abundance of Roseburia 
and Pseudobutyrivibrio
Genus associated with the 
increased production of 
butyrate is depleted

[13]

Thoracic SCI rat with 
antibiotic treatment

Significant differences in the gut 
microbiota beta diversity between 
SCI and healthy rats
35 OTUs were enriched
Increased levels of proinflammatory 
cytokines (IL-12, MIP-2, and  
TNF-α) in the intestinal tissue

Increased relative 
abundance of Lactobacillus 
intestinalis, Clostridium 
disporicum and 
Bifidobacterium choerinum
Depleted levels of 
Clostridium saccharogumia

[101]
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management and an increase in quality of life in SCI patients after their treatment 
with a multispecies probiotic [105].

In animal models, these results have been consistent, although in clinical studies 
it should be considered that there are confusing variables that cannot be controlled 
such as the intake of the same diet or the same level and intensity of injury, age of 
patients, diet intake, and administration of drugs that could modify the intestinal 
microbiota such as antibiotics.

4. Conclusion: what is next?

Spinal cord injury is a complex disease that involves several negative repercus-
sions in the individual and society.

Its medical approach exclusively had been the treatment of movement impair-
ment; however, in the last 14 years, the investigation is focusing on the treatment 
of other important comorbidities as the bowel dysfunction, which is responsible 
in decreasing the quality of life in patients with SCI that could worsen their health 
condition.

The answer apparently has been elucidated in the interaction between the 
individual and the gut microbiota.

Although, the study of the microbiota-gut-brain axis reveals with greater 
certainty the symbiotic dynamics that allow us to sustain homeostasis with our 
external environment; in this moment, the knowledge is still insufficient, with 
more reason in the SCI field.

Perhaps if the correct characterization of gut microbiota in this type of patients, 
considering their personalized features as the age, level, and severity of injury, is 

Experimental 
model

Outcome Microbial composition 
identified

Reference

Men with traumatic 
complete SCI 
(quadriplegics and 
paraplegics) vs. 
healthy patients

Significant differences in microbial 
composition
Negative correlation with high-
density lipoprotein cholesterol 
(cHDL) levels in the blood
Increased gut epithelial 
permeability

Increased relative 
abundance of Bacteroides 
and Bifidobacterium

[102]

Adult male patients 
with traumatic 
cervical spinal cord 
injury vs. healthy 
male patients

Moderate bowel dysfunction in 
patients with SCI
Decreased beta diversity of gut 
microbiota in SCI vs. healthy 
patients
Decreased Faecalibacterium 
correlates with increased levels of 
triglycerides and cLDL
Significantly decreased abundance 
of fatty acid metabolism in level 3 
of the KEGG metabolic pathway 
hierarchy

Increased relative 
abundance of Bacteroides 
and Blautia
Decreased levels of 
Megamonas and Prevotella 
correlate with lipid 
metabolism markers
Lactobacillus positively 
correlates with serum 
glucose levels

[103]

Anxiety-like model 
in incomplete 
unilateral cervical 
SCI rats

Treatment with fecal transplant 
shows the reduction of anxiety-like 
behavior

112 OTUs (not specified) 
were found statistically 
different at day 3 post 
injury between SCI and 
healthy rats

[104]

Table 1. 
Most important findings in the research field of SCI microbiota.
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achieved, it could be possible to propose a targeted nutraceutical treatment aim-
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less damage.
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Chapter 9

Development of an Intelligent 
Standing Wheelchair with 
Reclining Characteristics
Ignatio Madanhire, Tawanda Mushiri and Panganai Musariri

Abstract

The widespread of motor neurone weakness has become a major concern as 
a result of accidents, ageing, birth defects and other hereditary diseases. A huge 
number of paraplegics can barely do activities for themselves without assistance 
from helpers. This study seeks to develop an intelligent wheelchair that has an 
assistive lifting and multi-posture reclining mechanisms to help in elevating the 
user from sit to stand posture as well as recline the seat for angles between 90 and 
180 degrees through use of hydraulic linear actuators. The design would incorporate 
strain gauge sensors on the lower back area of the seat to enable the user to stand 
by merely leaning forward; thereby decreasing the strain on the lower back seat to 
trigger the lift mechanism until the required height is attained. While pressing the 
sit button on the console would enable the lowering of the user to a sitting position. 
The wheelchair development would also enable intelligent mobility through use of 
ultrasonic sensors to detect obstacles and assist in the braking effort by the user. 
An economic analysis was done to assess the feasibility viability of the design for 
local production. Some user requirement validation was undertaken to establish 
the extent to which the design would satisfy the key requirements of the intended 
beneficiaries.

Keywords: paraplegics, sit to stand, multi-posture reclining, intelligent,  
hydraulic linear actuators, strain gauge sensor, stress sensor, ultrasonic sensors

1. Introduction

An estimated 15% of the global population experience significant physical 
challenges [1] which affect the lower limbs and thus make mobility problems for 
this group of people. Assistive mobility technologies have been invented to aid 
the physically challenged people in moving from one point to another and these 
include wheelchairs, lifting aids, exoskeletons, walking devices and other devices 
[2]. However, in most cases, the user requires assistance in operating the device 
including help in pushing the wheelchair, support in using the bathroom, assis-
tance in getting off the wheelchair etc. People using wheelchairs are exposed to 
secondary diseases associated with being sedentary. It was established that people 
with disabilities are more prone to coronary diseases and other related secondary 
diseases associated with lack of exercises and sedentariness. Effects on patients 
also include physical and psychological factors due to the prolonged seated posture 
[3]. With only a few caregivers, there is great need for improved assistive devices 
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to give more independence to the physically challenged. It is in this regard that this 
study to develop an artificially intelligent wheelchair to assists users in reclining and 
getting up to standing posture and seat with reduced effort. Thus, it would aid the 
users to perform more tasks such as standing, maintaining eye to eye contact during 
conversations, cooking, exercising/physiotherapy, and reaching a top shelf among 
other activities.

2. Modern wheelchair review

With differing levels and causes of mobility impairment, this calls for upgraded 
wheel chair functions that can assist the users in performing standard tasks inde-
pendently while minimising risk of contracting secondary diseases to the users. 
There is an increasing need for intelligent wheelchairs to elevate the user from 
seated to standing posture and vice versa as well as providing better flexibility of 
the user through improved manoeuvrability and increasing number of degrees of 
freedom (DoF) in terms of inclination of the chair.

Reclining wheelchairs: Also known as tilt-in-space wheelchairs, have seat-
ing platforms that can be tilted through various angles as shown in Figure 1. It 
allows the user to relax through different posture angles allowing blood flow to the 
lower limbs.

Manually operated standing wheelchair: The wheelchair uses bicycle chains 
to transfer power from tank tread-like push bars to the wheels or the system that 
lifts the user. It consists of a unique hand drive mechanism that allows users to drive 
the wheels of the wheelchair while seated, standing or in the range of positions in 
between (Figure 2).

Smart wheelchair: This typically consists of either a standard power wheelchair 
to which a computer and some sensors have been added or a mobile robot base to 
which a seat has been attached. Smart wheelchairs have been designed to provide 
navigation assistance to the user in a number of different ways, such as assuring 
collision-free travel, aiding the performance of specific tasks (e.g. passing through 
doorways), and autonomously transporting the user between locations. To avoid 

Figure 1. 
Reclining wheelchair [4].
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obstacles, smart wheelchairs need sensors to perceive their surroundings. Proximity 
sensors are normally used to detect obstacles in the pathway of the wheelchair.

Powered standing wheelchair: This consists of an electric motor drive system 
powered by DC batteries mounted at the base of the frame. The speed of these 
motors is controlled by the remote control system to allow for forward, reverse and 
sideways propulsion of the wheelchair. On lifting the user, linear actuators and 
revolute motors (mounted at the back of the chair) are used to produce the required 

Figure 2. 
Manually operated standing wheelchair [5].

Figure 3. 
Electric powered standing wheelchair [7].
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torque or control input signal from the remote control system to transform the 
shape of the wheelchair frame from seated to standing posture and vice versa [6]. 
The user is extended from a sitting position to a full standing position. The user’s 
legs are locked and support the weight of the body at full extension. A hydraulic lift 
is used to complete the motion with elevation times ranging from 3 to 60 seconds 
(Figure 3).

2.1 Contemporary imitations of existing wheelchair designs

Most current designs use lots of expensive material and components, and this 
makes them unaffordable to the majority of the people who need them especially 
for communities in impoverished developing regions of the world. The wheelchair 
design in Figure 3 requires the user to have legs that meet a minimum bone density 
to undergo this motion. Hence there is need for a design to accommodate all types 
of users with or without legs.

3. Materials and methods

The researchers conducted interviews with wheelchair users from local com-
munities as well as visiting some patients at local health facilities such as Baines 
Physiotherapy & Rehabilitation Centre. The researchers managed to interpret the 
raw data in terms of customer needs and expectations into technical aspects thus 
helping in narrowing down the areas that needed improvement as per user needs as 
given in Table 1.

A network of contacts was developed to provide insight and guidance to refine 
the design output. These included members of the medical rehabilitation field, 
medical equipment suppliers as well as ergonomics and human motion experts in 
the field of physiotherapy.

In order to come up with the design mechanism for lifting the user from Sit to 
Stand (STS) and vice versa, it was crucial for the researchers to undertake a study 
in to the kinematics of standing up and sitting down from a chair. The next step 
was to analyse the joint movements (of the angles, knees and hips) for an individual 
as they stood up from a chair. It was important to follow this procedure (bio-
mimicking human movements) so that the design would offer smooth operation as 
a physically unchallenged person.

Measurements of the individual formed the basis for determining wheelchair 
frame size, the need for adjustable ranges in component parts, and the need for 
customization to meet special needs. This was key in sizing the wheelchair for an 

Wheelchair User Need Technical Interpretation

Independence in operation Automation & Intelligence

Multiple uses Mechanisms (standing and reclining)

Balance Safety and stability

Less cost Economic

Comfortable ride Suspension system and change of material

Adjustable Functionality

Improved back rest design Ergonomic design

Table 1. 
Interpretation of user need.
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average adult person. Appropriate size determinations of the wheelchair frame, 
seat, back, leg rests, and armrests based on measurements with an average bodied 
adult in an optimally seated position were taken and these built the foundation of 
the wheelchair design.

Three possible design concepts were generated, and the best option was selected 
using the Binary Dominance Matrix as the ideas were evaluated against the research 
objectives. Detailed engineering drawing designs were done using Solid Works and 
AutoCAD software. Special attention was also given to the actuation and sensory 
systems that were assembled in synergy to give the wheelchair autonomous and 
intelligent abilities.

The simulation process was carried out for both seated and standing postures. 
Calculations were done on the design to analyse it on the bending and torsional 
stresses acting on the components of the wheelchair under load in operation 
including deformation of stressed parts. The safety factor was obtained from these 
calculations and was compared against the standard safety factor. The researchers 
carried out the economic analysis to determine the costs of the parts and this was 
drafted in the Bill of Quantities to get the total cost of the components and their 
quantities.

4. Detailed design development

Table 2 gives the technical specifications of the intended wheel chair design.

4.1 Linear actuator and recliner concept

From the data gathered, the researchers came up with three possible solutions 
that were mainly different in the lift actuation mechanisms. Most of the attention of 
the drawings was paid to the working principle behind the lifting mechanism with 
the pros and cons for each concept discussed.

From the Binary Dominance Matrix (BDM), the concept on the Hydraulic 
Linear Actuator Lift and Recliner Mechanism (Figure 4) proved to be the optimal 
solution for the research design and was the most aligned with the requirements.

Eight selection criteria were considered and weighted for each of the design 
concepts; and each conceptual design was evaluated and scaled against a factor. The 
concept with the highest rating was considered the optimal solution for the design. 
The criterion factors considered included:

A. Ergonomics
B. Safety
C. Cost
D. Function
E. Simplicity of Mechanisms
F. Efficiency
G. Ease of Maintenance
H. Reliability
Figure 5 shows how the components that make up the mechanism are linked.

4.2 Linear actuator lift and recliner concept working principle

The mechanism consists of hydraulic linear actuators as the main source of 
power for the lifting and reclining mechanisms. When the command to lift the 
user is input, the battery powers the main hydraulic linear actuator to extend, 
pushing the wheelchair seat at an angle to the vertical. During this action, the 
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other actuators extend outwards and apply an upward force on the seat through 
the sliding assembly. The action of these actuators results in a resultant upward 
lift force that elevates and sustains the weight of the user as illustrated by 
Figure 6 below.

Figure 4. 
Wheelchair in seated and standing posture showing max change in height maxH . m.∆ = 05

Specification Measurement

Dimensions in mm

1. Total Height (in seated posture) 1 200 mm

2. Total Height (in standing posture) 1 700 mm

3. Total length 1 280 mm

4. Armrest Height 0 ≤ h ≤ 500 mm

5. Backrest tilt angle 90° – 180°

6. Seat Width 650 mm

7. Front Wheels 300 mm

8. Rear Wheels 600 mm

9. Footrest width 30 mm

Weights in kg

10. Total Weight of chair 90 kg

11. Max User Weight 80 kg

12. Max Allowable Load 800 N

Features

13. Power Source 24 V, 40 Ah

14. Max Driving Range with 40 Ah battery 30 km

15. Max Driving Speed 4.2 m/s

16. Max Safe Slope 15°

17.

Table 2. 
Technical specifications.
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The linear actuators used in this concept provide a smooth and stable move-
ment of the wheelchair without delay, during height adjustment. The mechanism 
provides the possibility to design a better user control method for the convenience 
of most wheelchair users. However, application of this mechanism results in a 
relatively higher costs as costs of the linear actuators is higher as well as the other 
features that accompany it including power sources (batteries) (Table 3).

4.3 Autonomous drive control systems

The optimal design will consist of sensors and controls that to help in making it 
intelligent and providing autonomy. The wheelchair is driven by electronic speed 
differential motors that are directly coupled to the rear wheels of the chair. These 
motors provide the required torque for each wheel they are coupled to, and allow 
for different wheel speeds. This allows the motors to steer the wheelchair sideways 
when it is turning. The motors are powered by a 12 V lead acid battery connected 
to an Arduino microcontroller that receives input from the sensors and the joystick. 

Figure 5. 
Chosen concept exploded view.

Figure 6. 
Sliding joint mechanism providing lift for wheelchair.
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The microcontroller is the central processing unit of the wheelchair. It receives 
input and gives commands according to the code embedded in it. The coding was 
done using MatLab and Python tools. According to the International Organisation 
for Standardisation (ISO), electrically powered wheelchairs intended to carry one 
person must have a maximum nominal speed not exceeding 15 km/h (4.2 m/s).

4.4 Proximity sensors

Ultrasonic proximity sensors are wired into the wheelchair drive system 
circuitry in order to assist the user in avoiding obstacles as well as in navigation. 
These sensors are crucial in assisting the user in preventing crashing into obstacles 
when they lose control of the wheelchair. The sensors convert electric signals into 
ultrasonic waves which are emitted towards the four sides of the wheelchair and 
are reflected back to the sensor upon encountering an obstacle. Measuring the 
time between sending and receiving the signal allows calculation of the distance 
between the wheelchair and the object and using a mathematical function model 
encoded in the microcontroller, they estimate the brake power required to stop the 
wheelchair. The brake power function is consists of an exponential decrease in the 
speed of the wheelchair as it is brought to a halt. This allows the wheelchair to make 
a smooth stop without agitating the user. For the sensors on the sides of the wheel-
chair, the microcontroller is coded to keep a safe constant distance from an obstacle 
thus helping the user from steering sideways into obstacles. These abilities make 
the wheelchair to be conscious of its surroundings when driving. The flow chart 
below summarises the algorithm followed on the decision making by the system 
(Figure 7).

4.5 Autonomous elevation control

The design incorporates intelligence in its elevating mechanism to detect when 
the user wants to stand. Strain gauge sensors are embedded on the lower back area 
of the wheelchair seat and when the user is seated, these sensors are in contact with 
the back area. They convert force, pressure, tension, weight, etc., into a change in 
electrical resistance which can then be measured. When external forces are applied 
to a stationary object, stress and strain are the result. The strain is defined as the 
displacement and deformation that occur. When the user needs to elevate to stand-
ing posture, they only need to bend their upper body, leaning forwards. This results 
in the displacement applied on the sensors (when greater than an average) and an 
electrical signal sent to the Arduino microcontroller which activates:

• The braking system of the wheelchair simply by covering the front ultrasonic 
sensor hence triggering the object avoidance system which cuts off power to 

Wheelchair Operation Left Rear Wheel Right Rear Wheel Wheel Speed VW

Turn Left Turns Backwards Turns forward VL < VR

Turn Right Turns forward Turns Backwards VL > VR

Drive Forward Turns forward Turns forward VL = VR

Reverse Drive Turns Backwards Turns Backwards VL = VR

Brake/Stop Stops Stops VL = VR = 0

Table 3. 
Wheelchair controls.
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the electric motors hence braking the wheelchair. Preventing the wheelchair 
from moving will aid to the stability of the user and reduce chances of  
falling over.

• The linear hydraulic actuators and hence the wheelchair lifts the user to a 
standing posture.

This is illustrated in the 5 steps shown in Figure 8 below.
When the wheelchair reaches the maximum height, a signal is sent to the 

actuators to stop and remain bearing the weight of the user in standing posture. 
When the user needs to change from standing to seated posture, they can easily 
press the sit button on the joystick module. This reverses the direction of actua-
tion of the lifting mechanism hence lowering the wheelchair back to its nominal 
position (Figure 9).

Figure 10 shows the algorithm followed in elevating the user to standing 
posture.

4.6 Autonomous reclining control

The design incorporates an autonomous intelligent reclining mechanism that is 
assisted by strain gauge sensors that are embedded on the top area of the wheelchair 

Figure 7. 
Decision making algorithm flow.
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head rest. When the user needs to recline the seat, they lay their head on the head 
rest and apply a minimum force (greater than 45 N the force applied by the weight 
of an average head) on the headrest (assuming the user condition allows them 
to do move their head). When the minimum head force is received by the stress 
sensors and converted to electric impulses which are sent to the control unit. This 
will unlock the wheelchair back rest and allow it to move backwards slowly (as 

Figure 8. 
Screenshots of simulation steps taken in lifting the user.

Figure 9. 
Linear actuator lift and recliner concept in seated and standing posture.
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permitted by the actuators) until it reaches an angle of tilt desired by the user. 
When this angle is reached, the user stops applying the force on the headrest and 
this sends signals to the control unit, commanding the actuators to stop reclining 
the seat and lock the mechanism (as the actuators will bear the load applied). The 
range of the reclining angles of tilt is shown in Figure 11 shown below.

Figure 10. 
Algorithm followed to elevated posture.

Figure 11. 
Possible reclining angles.
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4.7 Height adjustable arm rests

The armrests are designed to be automatically adjustable up or down using 
a button input placed on the left arm rest of the wheelchair. The arm rests are 
actuated by telescoping arms that are placed in the tube of the wheelchair frame 
such that when they are activated, they protrude upwards, lifting the armrests to 
a desired height. Spiral lift telescoping arms are used for their ability to withstand 
the high the load exerted while projected at any height. These consist of threaded 
vertical profiles that move up or down inside a threaded cylinder bands that form 
a column. The bands are combined, separated and stored by an assembly with 
an electrical motor located at the base of the column and this is connected to 
the control unit while receiving input from the button pad on the arm rest. The 
desired height is determined by the duration on pressing the up/down button and 
on releasing the button, the armrest remain at their current height. They move 
simultaneously at a low constant speed that is safe for the user. When the user is 
in standing posture, the armrests automatically rise up for the sake of support and 
stability purposes.

4.8 Stability and suspension systems

The stability of the wheelchair is established by the use of four wheels instead 
of three and the user is supported in such a way that their centre of mass is lowered. 
This is also ensured by the dimensions of the wheelchair base as well as the weight 
and stress distribution exerted on the wheelchair. The wheelchair seat is also 
equipped with seatbelts/straps that help restrain the user from falling over during 
driving of when standing up by supporting the upper body weight of the user. The 

Figure 12. 
Support mechanisms including seatbelt, arm rest and leg holding extension.
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figure below shows the seatbelt slots on the wheelchair seat. A pair of leg holding 
extensions (shown in Figure 12) is mounted on the wheelchair in order to support 
the legs of the user hence aiding to the stability of the wheelchair.

The wheelchair hydraulic actuators absorb the vibrations during motion of the 
wheelchair along with the assistance of the wheels.

4.9 Component and materials selection

The wheelchair frame is made up of Aluminium because of its strength, light 
weight, corrosion resistance and resistance to shock loads that will be imposed on 
it during operation. Also the arm rests are also made of Aluminium as well as the 
spiral lift telescoping arm assembly. The leg rests are made of iron which is chosen 
for its high tensile strength as it will bear the body weight of the user when stand-
ing up. The seat, back and head rest are made up of silicone and are covered in 
foam cushion to enhance comfort to the user. While the wheels are made of rubber 
because of its excellent ability to absorb shock.

The joystick module which controls the power of wheelchair consists of command 
buttons and a knob. The module has 8 button commands namely:

• Power button-This switches the wheelchair system ON/OFF.

• Left- Steers left.

• Right – Steers right.

• Go- Moves the wheelchair forward.

• Back- Reverses the wheelchair.

• Stop- Brakes the wheelchair.

• Sit- Lowers the seat elevation system when the user needs to sit.

• Recline- Raises the seat recline back towards the initial seat angle of 90 
degrees.

The joystick module is connected to the wheelchair’s microcontroller/power 
module and these two communicate with each other using serial communication 
protocols. The speed and steering commands that are input by the user are con-
verted to data packets by the internal processor of the joystick and then sent to the 
microcontroller via serial communication.

Finally the microcontroller module is the main system of whole wheelchair and 
it receives all commands from the joystick module and translates the commands 
into high current signals to the motors and mechanism actuators, receiving power 
from the 24 V battery power. Despite its small size, the power module is able to 
deliver a very high current per electrical motor and actuator.

4.10 Economic analysis

An effort was made to compile the cost and quantities of raw materials, and 
components as well as the cost of manufacturing a prototype. The grand total cost 
was about USD 1 511.
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Part Name Description Cost per 
unit ($)

Quantity
#

Total Cost
($)

Assembly Chassis Hollow square steel tubes per meter 6.00 8 48.00

Wheelchair Frame Aluminium Steel 9.00 6 54.00

Leg rest Stainless Steel 6.50 2 13.00

Motion Links Aluminium Steel 9.00 3 27.00

Leg Retainer Aluminium Steel 9.00 2 18.00

Wheel Axle Chrome molybdenum steel 8.00 2 16.00

Wheel bearings Chrome Steel-SAE 52100 7.50 2 15.00

Wheel Shaft SAE grade 41xx steel per meter 6.00 1 6.00

Arm rest props Chrome Steel tubes per meter 8.50 4 34.00

Total Material Cost 231.00

Electric motor Speed differential electric motors coupled 
to wheel- 200 rpm, 2kw

79.00 2 158.00

Rear Wheel Rear Rubber Wheel- 600 mm diameter 48.00 2 96.00

Front Wheel Front Rubber Wheel-300 mm diameter 32.00 2 64.00

Head Rest,
Seat Cushion, Back 
Rest

Foam rubber and leather covering per 
square meter

8.00 3 24.00

Linear Actuator Hydraulic Linear Actuator 22.00 3 66.00

Ultrasonic Sensors Ultrasonic Distance Sensor 
Module-HC-SR04

7.00 4 28.00

Strain gauge sensor Load Cell transmitter with high accuracy 24.00 12 288.00

Joystick Electric wheelchair joystick controller 
24 V Anderson connector

80.00 1 80.00

Microcontroller Arduino microcontroller A000079 Motor 
Shield, R3, 5 V–12 V

50.00 1 50.00

Battery 12 V Lead-Acid battery 60.00 2 120.00

Telescoping arm Low noise waterproof 1500 mm Stroke 
12 V/24 V telescoping linear actuator

19.00 2 38.00

Seat belt Polyester and Nylon Seat belt 
straps- 900 mm

11.00 1 11.00

Connecting wires Solid wire kit-6 different coloured spool 
per meter

3.00 4 12

Total Component Cost 1 035.00

Manufacturing 
Process

Total
$

Welding 70.00

Machining and 
Milling

80.00

Riveting 20.00

Miscellaneous 75.00

TOTAL MNFNG 
COST
OVERALL COST

245.00
USD 1 511

Table 4. 
Bill of quantities (BOQ ).
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From the costing analysis and evaluation carried out above, the wheelchair 
design proved to be relatively affordable compared to other wheelchairs on the 
market that can operate similarly.

4.11 Design validation summary

The evaluation of the design against the customer requirements as summarised 
by the Table 4 below.

The design is fully automated with the drive, lift and recline mechanisms being 
controlled autonomously. It assists the user in elevating and reclining easily with 
use of sensors and intelligent awareness that prevents accidents and collisions. The 
design mechanism takes about 10 seconds in elevating to max height which makes it 
safe and efficient in handling the user with delicacy. The wheelchair allows the user 
to move around easily as well as perform more activities independently with the 
assistance of the wheelchair intelligence system. The design also includes a charging 
port to charge the battery (Table 5).

5. Recommendations

One key area of improvement is on the aspect of enhanced wheelchair comfort. 
Most wheelchairs should suit personalised seat dimensions and leg rest sizes. This 
could easily be incorporated into the wheelchair design.

A deeper ergonomic analysis should be conducted to improve the shapes of parts 
the user interacts with such as the armrests and the seating so that they provide 
enough comfort for long hours.

Leg supports can be added to assist in holding the user in standing posture so 
that they do not fall over. Also comfortable cushion material could be used for the 
seat and armrests such as foam padding. This can also be added to the leg supports 
so that the user is comfortable when standing up. The seat height at lowest elevation 
could be reduced to accommodate smaller body sized users.

Some considerations could be considered to change tubular material to reduce 
the weight of the chair. Titanium could be a good alternative to aluminium due 

Criteria Customer Requirement

Safety Stable

No harm to user

Mechanism Functionality Autonomous

Durable

Minimum effort in operating wheelchair

Same personal mobility as standard wheelchair

Wheelchair Functionality Easy to move around

Geometry Comfortable

Cater for average user height

Dimensioning to allow for manoeuvring.

Cost Affordable

Table 5. 
Validation of customer requirements with the design.
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to its very high material strength with relatively lower weight. This change would 
increase the cost of the chair however and must be considered in the design.

To assist users who cannot use the remote control, future work can be done to 
use voice input commands to operate the wheelchair. Also some work can be done 
to link the wheelchair to the internet so that it can show locations, routes and report 
functionality levels of all parts thereby making it easy for maintenance of the 
wheelchair to be undertaken.

6. Conclusion

A study was done on the wheelchairs currently on the market as the basis to 
assess the extent to which existing mechanisms address the needs of the users. 
Some effort was made to gather relevant information from physically challenged 
wheelchair users, physiotherapists, doctors and wheelchair equipment supplying 
companies to establish areas of possible improvement with regards to ergonomic 
aspects of the wheelchair. Hydraulic linear actuator lift and recliner design concept 
was found to be the optimal design solution, and it was developed to come up with 
wheelchair characteristics, specifications, control systems and choice of construc-
tion materials. Engineering analysis and simulation were carried out to confirm the 
feasibility of the design. Also recommendations for future work were made on the 
areas that were not perfected by the design of this project, such as the need for voice 
input commands in the control of the wheelchair.
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The Role of Supraspinal Structures 
for Recovery after SCI: From 
Motor Dysfunction to Mental 
Health
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Abstract

Neural circuitry controlling limbed locomotion is located in the spinal cord, 
known as Central Pattern Generators (CPGs). After a traumatic Spinal Cord 
Injury (SCI), ascending and descending tracts are damaged, interrupting the 
communication between CPGs and supraspinal structures that are fundamental 
to initiate, control and adapt movement to the environment. Although low ver-
tebrates and some mammals regain some physiological functions after a spinal 
insult, the capacity to recover in hominids is rather limited. The consequences 
after SCI include physiological (sensory, autonomic and motor) and mental 
dysfunctions, which causes a profound impact in social and economic aspects 
of patients and their relatives Despite the recent progress in the development of 
therapeutic strategies for SCI, there is no satisfactory agreement for choosing the 
best treatment that restores the affected functions of people suffering the devas-
tating consequences after SCI. Studies have described that patients with chronic 
SCI can achieve some degree of neurorestoration with strategies that include 
physical rehabilitation, neuroprosthesis, electrical stimulation or cell therapies. 
Particularly in the human, the contribution of supraspinal structures to the 
clinical manifestations of gait deficits in people with SCI and its potential role as 
therapeutic targets is not well known. Additionally, mental health is considered 
fundamental as it represents the first step to overcome daily adversities and to 
face progression of this unfortunate condition. This chapter focuses on the con-
sequences of spinal cord disconnection from supraspinal structures, from motor 
dysfunction to mental health. Recent advancements on the study of supraspinal 
structures and combination of different approaches to promote recovery after 
SCI are discussed. Promising strategies are used alone or in combination and 
include drugs, physical exercise, robotic devices, and electrical stimulation.

Keywords: spinal cord injury, supraspinal, therapy, motor dysfunction,  
mental health
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1. Introduction

Supraspinal circuits related to motor function have a complex neuronal 
organization which physiological function is highly conserved in most of the 
vertebrate species. Those have an important role in the neural control of locomotion 
and other complex motor tasks [1]. Enormous effort has been made to discover 
a therapeutic strategy aiming descending pathways to recover movement after 
SCI, but there are still no effective results promoting recovery [2]. The loss of 
specific descending tracts is related to the levels of motor dysfunction after SCI. 
For example, the corticospinal tract is an important pathway for achieving fine 
adjustments during locomotion, thus, restoring its connectivity may partially 
contribute to recover some locomotor functions after injury [3]. Additionally, 
several studies have described the role of the red nucleus and rubrospinal tracts 
in the activation of the flexor phase within the gait locomotion [4, 5]. The 
reticulospinal neurons of the pons and the medulla activating the flexor phase 
during stepping provide position information related to the motor response. The 
reticular formation provides control of the posture during locomotors tasks [6].

Seminal studies made by Russian researchers in the last century described a 
region in the cat within the mesencephalon (midbrain) which was named as mes-
encephalic locomotor region (MLR) [7]. They concluded that electrical stimulation 
to the MLR elicits coordinated locomotion. This circuit accesses descending spinal 
neurons from the reticular formation to transmit locomotion signals [8]. Today, this 
region is considered a target for electrical stimulation following a SCI because there 
is proof that homologous areas in the brainstem of humans can be identified as a 
MLR with some differences due to the possible adaptation to bipedalism [9].

It has been well documented that the above mentioned supraspinal circuits can 
contribute to remodel the spinal cord and promote in some extent, recovery after 
incomplete SCI [10]. The neural circuits within the spinal cord can exhibit a degree 
of plasticity at cellular level [11], therefore, these newly connections would allow 
the formation of new pathways that may contribute to functional sensorimotor 
recovery.

Although the neurologic classification of the AIS-ASIA (The American Spinal 
Injury Association Impairment Scale) as A represents total motor and sensory 
loss below the injury level, a complete section of the spinal cord is not frequently 
observed in the clinic. In a postmortem study, it was found that around 75% of 
subjects diagnosed with complete SCI, some portions of the spinal cord in the site 
of injury were preserved, representing “continuity” across tissue [12]. In 1998, 
Dimitrijevic and colleagues [13] described that some subjects AIS-ASIA A were able 
to produce voluntary motor activation in some muscles during epidural stimulation. 
It was evident that some spared fibers across injury were still functional, suggest-
ing the term “discomplete” to describe this observation. This concept opened new 
questions regarding potential rehabilitation strategies developed in animal models. 
Unfortunately, translation into the clinic has not succeeded so far. Anatomical 
and physiological aspects are among the differences between animal models and 
humans [14]. However, in the last decade, new approaches have shown promising 
results in subjects with complete and incomplete SCI.

1.1 Neuroplasticity

Afferent inputs integrate sensory information that modulates the process of 
movement and theproprioception phenomena, cutaneous stimulation promotes the 
increase of spinal cord excitability and promotes plastic changes within the locomo-
tor apparatus in humans [15]. Proprioceptive feedback contributes substantially 
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to the posture maintenance phase of extensor activity as described in cats during 
treadmill locomotion [16, 17] and in humans [18], as well as improving motor 
functions with physical exercises designed to stimulate cortical and subcorti-
cal neural circuits [19] When SCI occurs, the supraspinal elements such as the 
corticospinal tracts often decreases its connectivity to its direct or indirect targets 
(i.e. lumbar CPGs); interestingly, the terminal territory of the motor cortex do not 
change significantly as compared to the somatosensory cortex, while the afferents 
fibers exhibit aberrant connections into deafferented regions of the spinal cord as 
described in monkeys [20]. In addition, proprioceptive neurons are relevant in the 
process of recovery within SCI, for example, it has been suggested that the neurons 
receiving feedback signals can help to reorganize motor circuits [21, 22].

The process for mediating remodeling of supraspinal circuits requires the 
specific selection for synaptic reconnection between supraspinal circuits and 
the deafferented spinal cord regions. Bradley et al. [23] proved that cyclic AMP 
response element-binding protein and NMDA receptors have a significant role in 
the process of reconnection since those promote the and reinforce the connections 
of relay neurons to the spinal cord in the mouse.

As mentioned above, many supraspinal circuits contribute to activate locomotor 
tasks. Strategies involving a combination of clinical treatments have been developed 
with the aim to predict restoration based on early clinical symptoms. Most of these 
methods correlated variables that indirectly influence supraspinal centers in the 
production of walking in humans [24].

After an SCI, the reaction of the glial tissue ends in the formation of a scar. There 
is great therapeutic potential in the ability to modulate the healing of glial cells 
in response to damage in the CNS. In vivo and in vitro studies, although relatively 
limited, have shown improvement in axonal regeneration and functional recovery 
after specific constituent’s inhibition of the glial scar. Enzymatic digestion of 
GAG’s (Glycosaminoglycans) chains of CSPGs (chondroitin sulfate and keratane 
proteoglycans), for example, stimulates axonal regeneration at the site of damage 
or injury [25, 26]. Axons chronically damaged in the SC can regenerate through 
implants of peripheral nerve grafts after 4 weeks of injury [27]. Even in lesions of 
one year of progression, regeneration of the rubrospinal tracts in adult animals has 
been described. This can be achieved with cells that are treated with the application 
of BDNF, allowing the normal conditions of the soma to be restored [28]. In the last 
decade, combined treatments with Chondroitinase ABC, or with novel forms to 
release and integrate this enzyme in the tissue has also been developing to improve 
plasticity and reconnection of the cells found at the injury site [29–32]. Therefore, 
biochemical and pharmacological management is important to reduce the glial scar 
and facilitate axonal regeneration and neuronal reconnection.

2. Motor pathways reorganization after SCI

To develop key strategies for functional improvement of injured spinal cord, the 
knowledge of the central nervous system organization under physiologic and patho-
physiologic conditions is essential.

Premotor spinal oscillators (alternating flexor and extensor activity in neuronal 
spinal cord circuits) exhibit neuronal network organization based on their firing 
patterns and driving afferents. This oscillatory activity is also observed by firing 
patterns recorded in muscles, thus making possible to follow up therapeutic inter-
ventions in patients with SCI based on the activity of the muscles during flexor 
and extensor phases of locomotion. At the same time, it is possible to assess the 
 abnormal firing patterns and dysfunction in spinal reflexes.
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The concept of re-organization and pattern formation in imbalanced systems 
is associated to the firing patterns of groups of identified neurons in the spinal 
motor networks was extensively developed by Schalow and Zach [33]. Human CNS 
has integrative functions for learning, re-learning, storing and recalling, being 
all these necessary elements contributing to plasticity following injuries. Thus, 
understanding the Central Nervous System (CNS) reorganization in the short and 
the long-term memory process during a therapeutic intervention as an approach for 
re-learning adequate motor behavior is fundamental to achieve functional motor 
improvements. This intervention consists in the training of innate automatisms like 
creeping, crawling, up-righting, walking, and running. Moreover, the training of 
rhythmic, dynamic, stereotyped and movements could substantially be improved 
by applying different protocols of coordinate on dynamic therapy [33, 34]. Among 
therapeutic goals during coordination dynamic therapy are to induce cell prolif-
eration and neurogenesis, so this could contribute to promote structural changes 
during the reconnection process in the injured tissue. New training paradigms are 
being created as a tool for retraining the spinal cord looking to engage the innate 
locomotor circuitry with appropriate afferent input to avoid lasting maladaptive 
sensory and motor effects, such as central pain and spasticity [35]. For accurate 
motor control, proprioceptive information from the body and environment has to 
be integrated and transformed into an appropriate motor command under physi-
ological conditions [36, 37]. The inherent neural transmission and integration for 
motor output and the perception of limb position activated in the cortical areas 
during kinesthetic sensations are based on proprioceptive information [38]. This 
lead the notion that the activation of the propriospinal pathways in its different 
configurations may help activating supraspinal areas such as cortical regions where 
senses involved in modulating motor control are processed, and these can be used to 
take advantage of strategies for motor recovery from a SCI.

Interestingly, depending on the severity of the SCI, humans and animal models 
in most cases presentsome degree of spontaneous functional recovery during 
the first months after injury [39–43]. This outcome has been attributed to spared 
descendent axons bypassing the site of injury, although precise mechanisms under-
lying this phenomenon are not known. Courtine and collaborators investigated the 
spontaneous recovery in a spatially and temporally separated lateral hemisections 
in a mouse model, using kinematic, physiological and anatomical approaches. Their 
findings suggest that functional recovery can occur after severe SCI facilitated by 
the reorganization of descending and propriospinal connections [44]. Interventions 
headed for enhancing the remodeling of spread connections are important to 
explore in the various novel therapeutic strategies to reconnect spared tissue and 
restore function after SCI.

Neurorehabilitation must be in accordance with the re-organization of neuronal 
networks. Movement patterns re-learned by pattern formation and coordination 
dynamic therapy progress by cooperative and competitive interaction between 
intrinsic and extrinsic therapeutic inputs (afferent input) [45].

3. Combination of exercise and therapeutic strategies

Physical exercise provides important benefits after SCI both in clinical studies 
and in animal models [1, 46]. Specifically, studies in animal models have empha-
sized the importance of exercise and combined strategies to boost motor recovery. 
However, the functional recovery of locomotion has so far been limited, preventing 
its translation into the clinic.
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Exercise and physical training demand adaptation in a wide range of movements 
and locomotion in upper, lower limbs and trunk, promoting interaction between 
CPG’s, propriospinal neurons and supraspinal structures. Plastic changes induced 
by activity and sensory entry can take place both in the spinal cord and other 
supraspinal regions in the brain.

Studies have given evidence supporting the notion that exercise produces “motor 
learning” in the spinal motor circuits. One hypothesis is that the complex network 
of components of the extracellular matrix, inhibits the remodeling or reconnection 
[47]. Therefore, exercise induces the plasticity in the SCI circuitry, which could 
produce an interneuronal network reorganization [48]. For example, training 
intervention in a treadmill (20-minute protocol, 5 days a week for 3 weeks, after the 
complete injury) improved locomotion performance with a reversal in the asym-
metric alternating movements that had occurred after a hemisection in a cat SCI 
model. The untrained group maintained the hemisection-induced asymmetry after 
the recovery period [49]. Increased excitability and the recruitment of motoneu-
ronal populations drive limb coordination during gait and restores symmetry in a 
hemisection model of adult rats [50].

In other study in rats, a combination of Tamoxifen and treadmill exercise had 
a notorious improvement in the angular displacement kinematics after a hemisec-
tion SCI model. The untreated subjects remained considerable discrepancy in the 
hip and ankle joints. The drug tamoxifen presented neuroprotective effects as well 
as increased tissue integrity and inflammation reduction [51, 52] and the exercise 
exerted beneficial effects ameliorating the damage [48].

Complex network of the extracellular matrix components, which includes 
CSPGs, inhibits the axonal reconnection that exercise can induce, limiting plastic-
ity in the damaged spinal circuitry. A Chondroitinase ABC treatment study was 
performed to see if it could enable plasticity in adult mice, combined with vol-
untary physical training on a rotating wheel. The results have not been positively 
conclusive [47]. It is necessary identifying an adequate protocol for pharmaco-
logical interventions as well as the type and amount of exercise. In 2016, another 
study with Chondroitinase ABC combined with intensive treadmill rehabilitation 
had a slight recovery, suggesting a beneficial role for chronic SCI in adult rats [32].

Physical training and elements such as the density of functional synapses, 
and the neurotrophic factors (NF) provide important clues to optimize recovery 
after injury [53]. Motoneurons and other ventral horn cells in sectioned rats 
synthesize BDNF in response to treadmill training, suggesting a support mecha-
nism by which postsynaptic release of BDNF from motoneurons contribute to 
synaptic plasticity [54]. Moreover, BDNF levels had a significantly increase in 
the lumbar SC region in injured rats with training compared to the non-trained 
injured rats [55].

Exercise raise the levels of NT-3 and BDNF in the spinal cord, causing modula-
tion of the NMDA receptor, which generates greater activation of the hindlimb 
muscles [53]. Neurotrophic factors, which include NT-3, NGF, and IGF, modulate 
neuronal growth, differentiation, and survival [56]. Endogenous NF higher levels 
can be better than exogenous administration. Exercise is also involved in the ner-
vous system gene regulation, associated to apoptosis and cellular growth signaling 
pathways (PTEN, PDCD4, RAS mRNA and Bcl-2/Bax). This can produce axonal 
growth and reconnection improving injured SC morphology [57, 58].

Neurotrophic factors are fundamental for the normalization of spinal reflexes 
[59]. Limb spasms are phenomena of hyperreflexia that occur after SCI. AAV-NT3 
gene therapy, exercise, and combination therapy all attenuated the frequency 
of spasms in the swimming test conducted at 6 weeks after SCI and increased 
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rate-dependent depression of H-reflex in rats. Combination therapy was signifi-
cantly superior to AAV-NT3 alone in protecting motoneurons and remodeling spi-
nal cord circuits. Gene therapy and exercise can alleviate muscle spasm after spinal 
cord injury by altering the excitability of spinal interneurons and motoneurons, but 
adjusting the combined strategy is needed to get better results [60].

Exercise produces benefits such as improving strength and conduction to adapta-
tions in skeletal muscle and nervous system [61]. In humans, with almost total loss 
of voluntary muscle activity in one or both lower extremities, free field gait rehabili-
tation can be performed [62]. Based on this, the improvement can be achieved by 
appropriate treadmill training due to the activity of the voluntary muscle [63].

The effectiveness of physiotherapy in people with SCI studied in randomized 
controlled trials give evidence that a small number of this interventions increase 
voluntary strength in muscles directly affected by SCI, comparing sham or no 
intervention, and different physiotherapy interventions [64]. Other randomized 
control trials studies provide outcomes of specific features of training interventions 
to improve both sitting and standing balance function in SCI indicate negligible 
effect sizes [65–70]. Given the importance of balance control underpinning all 
aspects of daily activities, there is a need for further research [71].

Passive cycling can be an alternative rehabilitation for patients who are too weak 
or medically unstable to repeatedly practice active movements. Experimental animal 
studies [72] revealed that passive cycling modulated spinal reflex, reduced spasticity 
and autonomic dysreflexia as well as elicited cardio-protective effects [73–76]. Also, 
increased BDNF mRNA levels, GDNF and NT-4 [77]. In contrast, human studies did 
not show an effect on spasticity reduction nor prevention of cardiovascular disease-
related secondary complications [78, 79]. However, it is possible that passive cycling 
could provoke sensory inputs to induce cortical plasticity to improve lower limb 
motor performance, further wide perspectives are necessary in this direction [72].

In patients with chronic incomplete SCI, targeted physical exercises are designed 
to simultaneously stimulate cortical, and spared subcortical neural circuits. 
Participants of a study underwent 48 sessions each of weight-supported robotic-
assisted treadmill training and a combination of balance and fine hand exercises. 
Multimodal training tended to increase short-interval H-reflex facilitation, whereas 
treadmill training tended to improve dynamic seated balance. The low number of 
participants who completed both phases was a limitation. However, it is important 
to address engagement of lower extremity motor cortex using skilled upper extrem-
ity exercises; and skill transfer from upright postural stability during multimodal 
training to seated dynamic balance. These multimodal approaches incorporating bal-
ance with skilled upper extremity exercises showed no benefit compared to an active 
control program of body weight-supported treadmill training. Thus, it is necessary 
to improve participant retention in long-term rehabilitation studies [19].

Criteria for exercise guidelines represent an important step for developing exercise 
policies and programs for people with SCI around the world. According to current 
guidelines, for cardiorespiratory fitness and muscle strength benefits, SCI patients 
should engage in at least 20 min of moderate to vigorous intensity aerobic exercise and 
strength exercises for each main functioning muscle group are a strong recommenda-
tion. For cardiometabolic health benefits, at least 30 min of moderate to vigorous 
intensity aerobic exercise 3 times per week are a conditional  recommendation [80].

The study and analysis of exercise is a major issue for the developing of synergis-
tic strategies in the SCI treatment with pharmacological treatments and stimulation 
of the damaged tissue (electrical or magnetic). Different combined treatments pro-
duce positive interaction that improve or optimize the results in functional motor 
recovery, and revealing the knowledge of which parameters work is fundamental, 
so it can be adjusted to the individual needs of people suffering from SCI.
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3.1 Robotic exoskeletons

Mobility possibilities of SCI people in a wheelchair, are very limited. They usu-
ally adopt a sedentary lifestyle, with progressive physical deterioration and risk of 
musculoskeletal, cardiovascular and endocrine/metabolic morbidity and mortality 
increase [81]. Robotic exoskeletons can allow individuals with SCI with varying 
levels of injury to functionally walk or exercise and mitigate these potential negative 
health consequences. The aim of these powered exoskeletons devices is to improve 
the mobility for people with movement deficits by providing mechanical support 
and facilitate the gait training [82]. All long-term manual wheelchair users who 
participated in a robotic rehabilitation session, predominantly perceived improve-
ments in their overall health status and felt motivated to engage in a regular physical 
activity program adapted to their condition [83].

Use of exoskeletons take advantage of spared fibers in incomplete injuries and 
involve the use of voluntary motor control as well as proprioception to promote 
recovery. Therapies with exoskeleton comprises 16 to 30 sessions [84, 85], during 
three 60-minute sessions a week [86]. Results indicate potential benefits on gait 
function and balance [87]. For example, a study measured walking progression, 
sitting balance, skin sensation, spasticity, and strength of the corticospinal tracts. 
Results indicate that about 45 sessions are needed to reach 80% of optimal perfor-
mance. Functional improvements were reported, especially in people with incom-
plete injuries. Spasticity had mixed changes, suggesting differences between high 
versus low spasticity prior to training [88].

The sensory information in SCI subjects is missing below the level of lesion, 
which made difficult to control body posture and balancing with an exoskeleton 
making its use difficult according to another research group [89]. It is hypothesized 
that part of the missing sensory information can be provided to improve the control 
of an exoskeleton by delivering discrete vibrotactile stimulation [89]. Following 
a training robotic-based proprioception training protocol in people with chronic 
incomplete SCI, significant improvements in endpoint and knee joint position sense 
and in a precision stepping task performance were shown. These results suggest 
altering proprioceptive sense is possible in people with incomplete SCI using a pas-
sive proprioception training [90].

An autonomous wearable robot able to assist ankle during walking, utilizes a 
Neuromuscular Controller with assistance based on specific residual functional 
abilities of subjects. According to the study, 5 training sessions were necessary to 
significantly improve robot-aided gait speed on short paths and consequently to 
optimize the human-robot interaction [91].

Exoskeletons technology have different settings depending on the needs and 
requirements of protocols. Existent information and evidence must be integrated 
to optimize rehabilitation SCI therapies. Also, is important to fulfill main goals of 
exoskeletons as to define basic elements for restoring movement and sensitive func-
tions in the people living with a SCI. Finally, the refinement of the robotic devices is 
highly desirable to assess the adjustment to individual cases and the application in 
conjunction with treatments focused on the spared tissue reconnection, as well as 
electrostimulation therapies.

3.2 Limitations

Exoskeleton control can be challenging for users and requires a long period of 
training [89]. Then, functional interaction subject-exoskeleton is a main factor to 
produce or increase walking abilities with interlimb coordinated movements [86]. 
The exoskeleton rehabilitation strategies transferring from laboratories to clinical 
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settings and their effects remain uncertain due to the absence of large-scale clinical 
trials. Some researchers and clinicians call for developing pre-training rehabilita-
tion programs to increase passive lower extremity range of motion and standing 
tolerance [84]. Future studies with larger sample size are needed to investigate the 
effectiveness and efficacy of exoskeleton-assisted gait training as single gait train-
ing and combined with other gait training strategies [92].

4.  Electrical and magnetic stimulation strategies for evaluation of spinal 
and supraspinal circuits after SCI

Electrical and magnetic stimulation can be used to evaluate supraspinal and 
spinal structures and promote restoration of the motor function. These approaches 
consist of electrical or magnetic stimulation delivery into neural structures as 
therapy in motor, sensory and behavioral disorders such as chronic pain, Parkinson’s 
disease, essential tremor, among others. Electrical stimulation can be invasive 
or noninvasive and complemented with imaging and electrophysiology to assess 
therapeutic strategies in subjects. At the same time, studying the mechanisms 
underlying electrical stimulation is essential to understand short- and long-term 
effects on neural tissue, explore novel approaches, and guarantee biosafety on 
implementation.

Electrical epidural stimulation (ES) was originally implemented for chronic pain 
in 1967 [93]. Later, it was evidenced that ES produced passive rhythmic activity in 
lower limbs in paraplegic subjects [13], initiating this seminal study a series of clini-
cal investigations with the exploration of specific ES parameters in combination 
with physical therapy and locomotor training [94–97].

ES consist of the delivery of electrical current (typically square pulses) at dif-
ferent frequencies depending on the designed protocol (see below). An electrode 
composed of several contact leads (commonly 16) is placed on the dorsal midline 
of dura spanning the lumbar enlargement (T11-L1 vertebrae). Adequate position-
ing is monitored through electromyographic responses evoked by electrical pulses 
delivered at low frequencies (0.2 Hz). Implantation surgery and electrophysiol-
ogy testing during surgery are described by Calvert et al. [98]. Once the subjects 
recovered from surgery, initial testing consists of monitoring motor activities 
(electromyography, EMG) produced by simple tasks during ES, including vol-
untary contractions on selected muscles and passive movements with suspended 
limbs [94, 95]. First sessions are essential to optimize parameters individually, for 
instance, intensities and frequencies to enable motor function in the upper [99, 100] 
and lower extremities [94–97]. After a couple of weeks, depending on the level and 
severity of SCI, subjects can be suspended on a treadmill using body weight support 
devices, allowing them to walk at low speeds (< 2 km/h). Even some subjects AIS-
ASIA A can regain some steeping capabilities without using body weight support 
[94, 95]. The fact that ES enables voluntary motor activation even in subjects classi-
fied as AIS-ASIA A, suggests that some spare descending fibers can still be activated 
even at chronic SCI stages after several years [95, 96, 101, 102]. It is noteworthy 
to mention that in the absence of ES, the capacity to perform voluntary motor 
activities is somewhat limited, concluding that facilitation provided by ES should 
be continually administered in otherwise “dormant” spinal circuits. ES has shown 
improvements in motor function, and unexpectedly also in sensory and autonomic 
function [103–105]; however, a small number of highly selected subjects have been 
enrolled to date, making difficult to extrapolate results to general SCI population.
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From animal [106–109] and human [110–113] studies, it is assumed that ES 
excites low threshold afferent fibers (posterior roots). Depending on the intensity 
of stimulation, anterior roots can also be activated, hence producing potentials 
(Motor Evoked Potentials, MEP) identified by their latencies. By producing MEP 
with known latencies, combination of other approaches such as Transcranial 
Magnetic Stimulation (TMS) and peripheral functional stimulation (FENS) allows 
the study of spinal and cortical plasticity as discussed below.

Transcranial magnetic stimulation (TMS) has also been used to stimulate 
muscles below the injury level in SCI subjects. Differences in latencies and thresh-
olds of activation between controls and are widely described as well as emerging 
protocols to study plasticity in the spinal cord and cortex using TMS [65]. Changes 
in the motor cortex excitability have also been described [114–116].

Similarly, changes in cortical representations and events involving neural 
reorganization in rostral and caudal structures to lesion have been described after 
SCI [117–119]. Although precise mechanisms involving plasticity in cortices after 
trauma or SCI remains unanswered, animal models have provided valuable infor-
mation [120].

In humans, targeting upper and lower limb muscles along with FENS has 
shown to promote spinal and cortical plasticity as partially explained by long-term 
potentiation mechanisms (LTP) [121]. Together, TMS and FENS are termed Paired 
Corticospinal-Motor Neuronal Stimulation (PCMS). For example, Jo and Perez [67] 
hypothesized that exercise promotes cortical plasticity in incomplete lesions. In 
the same study, the authors found that PCMS produced higher voltage amplitudes 
recorded in selected muscles. Performance during motor tests in upper and lower 
limbs also improved, although subjects not included in the “exercise plus PCMS 
group” also showed advancements. A conclusion is that TMS combined with other 
methods such as FENS and exercise, produces plasticity in spinal and supraspinal 
circuits (i.e., motor cortex), which benefits people suffering from SCI. Moreover, 
the effects on motor performance can last several months [67].

Yet some caveats remain unsolved. For instance, TMS technical aspects are not 
homogeneous across studies, for example, coils, motor tasks, and the number of 
muscles recorded [122]. Additionally, results obtained in small samples will be sus-
tained in the heterogenous SCI spectrum, and potentially undesirable side effects 
should be discarded, as headaches are commonly reported during TMS [123]. 
Finally, technology advancements must overcome the high cost of TMS nowadays 
and to offer devices that can be used by patients and caregivers at home.

Noninvasive electrical stimulation techniques called transcutaneous electrical 
stimulation (tSCS) and transcranial or trans-spinal direct current stimulation 
(tDCS) have also been implemented as therapy for SCI. Both procedures include 
delivery of electrical current by surface electrodes placed on the back (as the cath-
ode) and a pair of electrodes located over the iliac crest (as anodes). Like with ES, 
tSCS activates low threshold afferents, although higher stimulation intensities must 
be delivered as current must overcome high-resistance structures (skin, muscle, 
ligaments, and bones). For this reason, high intensities usually produce discomfort 
in subjects, perceived as painful abdominal muscle contractions. Recently, a strat-
egy was proposed to mitigate pain and reduce current administered transpinally: a 
carrier frequency (10 KHz) and a lower frequency (40 Hz, for example) [124].

tSCS has shown that delivered electrical current excites large diameter fibers, 
thus evoking motor potentials with same characteristics (i.e., latencies) as previ-
ously demonstrated during ES [111, 125–128]. For this reason, research has explored 
this noninvasive technique recently as therapy for SCI subjects.
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Spasticity appears after an insult to the central motor system compromises 
descending monoaminergic modulation of spinal circuitry [129]. Unfortunately, 
this sensory and motor disorder commonly develops in SCI subjects. In chronic, 
incomplete SCI subjects, Hofstoetter and colleagues applied tSCS over the T11 and 
T12 showed improvements in spasticity as measured by the Watenberg pendulum 
test, electromyography and 10 minutes walking. tSCS consisted of a single session of 
30 min of stimulation at 50 Hz with subjects lying in supine position. The intensity of 
stimulation is an important parameter to consider. For example, tSCS is delivered at 
levels that produce paresthesia but below motor activation [130]. The involvement of 
brainstem inhibition seems to play a role in the activation of neural circuits through 
long-loop mechanisms, although the whole picture is not clear for now, as remaining 
fibers depending on the severity of the lesion may take part on results [131].

Additionally, spinal inhibitory circuitry could be transiently modified, 
decreasing exaggerated reflexes, such as during cutaneous stimulation on the 
foot’s surface. Interestingly, motor incomplete SCI subjects increased their walking 
speed and voluntary control, making it less likely that reduced spasticity occurred 
as a diminished motor output [130, 132]. tSCS delivered tonically at 30 Hz, 
showed an immediate change in spinal circuitry, i.e., enabling motor output 
measured by EMG and kinematics [132] similarly as previously shown during 
ES (see above). At the same time, supraspinal and propriospinal circuitry could 
participate during steeping in incomplete injuries. For example, ES and tSCS are 
supposed to increase the excitatory drive necessary to activate central pattern gen-
erators [13]. However, tSCS is not feasible as a home-based therapy and carry-over 
effects are not easy to study. It was recently found in one subject with chronic SCI 
(AIS-D) that tSCS self-applied during 6 months improved spasticity as measured 
by several scales and functional tests and that beneficial effects lasted for seven 
days after cessation of tSCS [133].

Combining TMS and tSCS is possible to explore changes in cortical excitability 
before and after low frequency (0.2 Hz), continuous (52 m) tSCS after SCI. After 14 
sessions of tSCS, paired TMS pulses on the left motor cortex delivered at different 
interstimulus intervals (ISI) in a range of 1–30 ms, evoked motor potentials that 
exhibited intracortical facilitation and inhibition that was related to a decrease in 
latencies and an increase in amplitudes recorded in right wrist flexor and exten-
sor muscles [134]. Authors interpreted these results as changes in cortical map 
representations, bilateral connection strengthening, and increase in cortical drive, 
although plasticity in the spinal cord may also play an important role. Importantly, 
the subject enrolled in this study also reported improvements in autonomic and 
sensory functions below the lesion, as reported for ES (see above).

Few studies have used the transcutaneous spinal Direct Current Stimulation 
(tsDCS) technique to study motor activation in complete and incomplete SCI. 
Cathodal or anodal stimulation can be applied, and corticospinal excitability evalu-
ated in recorded muscles by TMS [135] or spinal reflexes [136]. Although nonsig-
nificant results have been reported, modifications in MEPs suggest differences in 
cathodal versus anodal stimulation, meaning lateralization in responses depending 
on the location of the reference electrode [135]. Cathodal tsDCS stimulation did not 
show differences in spinal reflexes compared to sham stimulation [136]. Overall, 
results with tsDCS must be taken cautiously as few SCI subjects have been enrolled, 
and motor outcomes are not readily comparable with healthy population.

4.1 Limitations

Although these findings may represent a new alternative to invasive methods to 
restore lost functions, limitations impede translation into the clinic. Research must 
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be extended into the heterogeneity of injuries (extension, level, time after lesion, age, 
etc.). To date, a small sample of subjects have been included in trials, and carry-over 
effects have not been fully explored. It is important to mention that beneficial results 
during neurostimulation are immediate, observable, quantifiable, and self-perceived; 
however, after cessation of electrical stimulation, there is a notable reduction in the 
effects, being voluntary muscle contraction the most evident, although some improve-
ments remain as described consistently, especially in incomplete SCI. In this context, 
evaluation of daily activities should be included in trials to assess patients’ quality 
of life. Finally, long-term effects, especially adverse effects, must be appropriately 
assessed, being one of the barriers the difficulty of self-applied home-based therapy.

Spinal cord injury is a severe clinical issue that affects in the acute stage the 
body of the patient and in a chronic stage the mental health. As above mentioned, a 
cascade of phenomena occurs after a SCI such as: inflammatory response that lead 
to neurons and axon degeneration, muscular damage, cardiopathy process, etc. If a 
group of health practitioners give a proper clinical and or surgical management, its 
patient preserves his life but not his sensitivity and motor control (depending on the 
degree and location of the injury).

Therefore, patients tend to develop an important state of mental health problems 
that includes depression [137], chronic sadness states and mood changes [138], 
delirium [139], and suicidal thoughts [140]. Therefore, is important to address mental 
health management after SCI in a proper way to ensure an integral patient recovery.

5. Mental health after SCI

Mental good health is important for transitioning our life with equilibrium; 
however, a traumatic SCI can disrupt that equilibrium since it causes the loss of our 
ability to have motor independency. Although the life expectancy of SCI patients has 
improved in the last decade [141], unfortunately, this condition has no cure to date 
and therapeutic strategies are limited to physical rehabilitation and support groups.

Psychiatric professionals have studied the relation between depression and 
anxiety as a SCI sequel and found that one out of two patients share in common 
continuous anxiety outbreaks and depression with a profound suicidal desire [142]. 
In addition, there is a significant higher risk of suffering psychiatric disorder in 
patients with a SCI such as dementia, psychosis, bipolar disorder, sleep disorder 
and illicit drug use [143]. The previous statement reveals that retrieving a life with 
normal parameters of mental health represents a challenge for patients and the 
doctors involved in the recovery of such disease.

Among all the mental illness that patients with SCI can develop, depression 
prevails over all mental health disorders. A cross sectional survey revealed that over 
30% of the patients had depressive disorder diagnosed [144].

Although the initial injury is only the first of many traumata in the life of 
these patients, there are other factors that are related to increase mental illness; 
intermittent catheterization, sphincterotomy, continuous bed shift among others 
insults that endure for the rest of their life [145]. Though these procedures are for 
the patients benefit, they often chose to protect themselves from being oppressed 
by these disruptions, some patients retrieve themselves into the conservation-
withdrawal response until they become uncooperative, express of wanting to be left 
in loneliness and passively acquire depressive signs [146].

As previously mentioned, physical exercise has positive results at a systemic 
level in the rehabilitation therapies, this beneficial effects includes diminishing of 
depression in individuals with SCI. Mood data (POMS questionnaire) and analy-
sis for inflammatory mediators resulted in a significant reduction in total mood 
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disturbance pre to post-exercise, and pre to one-hour post-exercise and there was 
a significant decrease in TNF-α from pre to post-exercise. Thus, acute exercise can 
positively affect mood in SCI patients and exercise-induced changes in inflamma-
tion contribute to such improvements [147].

At last, is important to mention that pharmacological therapies may give the 
patients some relief but are not always sufficient to promote adaptability to such 
condition. Emotional assessment may play a role in long-term adjustment [148].

Neurobiological and psychiatric assessments for SCI have been evolving through-
out the years and the results are promising, but social issues are important for the rein-
sertion of these patients to society. It has been documented that social necessities are 
as important as physical [149]. Lack of job opportunities, transportation, marriage, 
social relations are a few of a big list of the social outcomes followed by a SCI [150].

Several studies has demonstrated that a proper social assessment such a reinte-
gration to the community, interaction with groups of SCI injured patients, sports 
and psychosocial treatment can improve the clinical health issues [151].

The family context is very important in order to achieve higher health scores 
within SCI patients. Family brings support and comprehension of the patient’s 
situation. However, when family integration falls apart due to diver’s socioeconom-
ics, demographics and emotional variables the recuperation of the patients may be a 
challenge [152].

The economic weight of the health care systems and the family financial dif-
ficulties to deal with, are a great challenge. As it is, raising awareness for improve 
prevention to reduce occurrence of these types of injuries, and medical and tech-
nological advances management for medical care in the social resources allocation 
[153]. And socioeconomics impact that damage severely the life quality of the 
patients. However, since the life expectancy of these patients has improved in the 
last decade [141] these patients often present functional impairments in several 
areas of their life such as: psychological/psychiatric, organ dysfunction, sexuality, 
economics, family and social interactions [154].

6. Conclusions

SCI is a highly complex condition that affects several aspects of the patient’s life. 
Physicians and society focus within this condition has been improving the physiol-
ogy of the spinal cord per se and the indirect repercussions in the body. However, 
less is been done in terms of psychosocial issues that the patients are suffering. A 
better assessment to this terrible illness is to approach the patients in a more com-
prehensive way that includes physical, psychological and socioecomic methods. 
Mental health is vital for adaptation to dysfunctions and overcome challenging 
conditions in daily life after SCI.

An understanding of mechanisms following spinal cord injury to prevent exten-
sion of the damage and development of below-level pain aimed at a therapeutic 
approach. To improve outcomes and reduce morbidity in patients with SCI it is 
essential to work with an objective of supporting the standardization of precise pro-
tocols for the immediate care based on updated reports and international classifica-
tion systems, and encouraging clinicians and patients to make evidence-informed 
decisions. Afterwards, the subsequent attention of the inflammatory and degen-
erative effects after the acute stage. For the long term, to establish rehabilitation 
strategies integrating the most current studies to restore autonomic, sensorimotor 
functions, pain management and psychological effects, having a clear picture of the 
sequelae. Finally, the improvement of the health system for priority care in these 
patients.
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Chapter 11

Use of Exoskeletons in the 
Treatment and Rehabilitation of 
Paraplegia Patients
Susana Martiñón and Ricardo Hernández-Miramontes

Abstract

This chapter presents a review that includes five robotic exoskeletons used in 
the rehabilitation of paraplegic patients, highlighting the qualities of each one and 
offering the doctor and the rehabilitator a tool to select the exoskeleton that is most 
appropriate to the needs of their patient and a more satisfying and integral therapy. 
A systematic search was carried out in different platforms of scientific interest, 
the publications that met the inclusion criteria were selected. The information 
collected was classified and synthesized, resulting in a review that covers the five 
most relevant exoskeletons for the rehabilitation of paraplegic patients. Concluding 
with a tool that helps the therapist select the most appropriate exoskeleton for each 
patient.

Keywords: paraplegia, rehabilitation, exoskeleton

1. Introduction

Paraplegia is the paralysis of the lower half of the body, affecting both legs; it 
is usually the result of spinal cord trauma [1, 2], however, it can also be caused by 
diseases such as ischemic events [3, 4], multiple sclerosis and amyotrophic lateral 
sclerosis among other neurodegenerative diseases, including Parkinson’s disease [1].

The care of the patient with paraplegia must be integral, including medical, 
surgical, psychological treatment and finally rehabilitation by physiotherapy [5].

At this last point, various therapies have been developed, including the use 
of exoskeletons. Studies have determined that the uses of exoskeletons include: 
increasing human performance, improving mobility of individuals with neurologi-
cal pathologies, and providing assistive technology for people with disabilities [6]. 
In this chapter, different exoskeletons that are in use are presented for the rehabili-
tation of patients.

For this chapter, a review was carried out in the search engines PubMed, Google 
Academics, Elsevier, Science Direct and Medline, finding 15 scientific papers that met 
the inclusion criteria.

Inclusion criteria: Documents published between the years 2005 to 2020 were 
included. The search terms were: exoskeleton device, rehabilitation and paraplegia, 
in English; exoesqueletos, paraplegia, lesión de médula espinal, rehabilitación, in 
Spanish.

Subsequently, the electronic pages of the manufacturers were consulted.
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Exclusion criteria: Studies published before 2005. Studies that did not include 
the search terms established in the inclusion criteria, incomplete or unavailable 
articles.

Figure 1 shows the flow diagram of the obtaining information process.

2. Exoskeletons

The operation of exoskeletons depends on a series of biometric sensors that are 
activated through nerve signals sent from the brain to different muscle groups so 
that an exact action is developed. For the creation of exoskeletons, electrical and 
computer patterns are used that will allow the adaptation and generation of move-
ment in different degrees [1].

5 different models of exoskeletons were found, which are discussed below. 
Images of the exoskeletons are shown in Figure 2.

2.1 Exoskeleton Exo-H2®

It is an exoskeleton designed for the rehabilitation of adults, it is indicated for 
patients between 1.5 and 1.95 m in height, with a maximum body weight of 100 kg 
with neurological damage that prevents their motor skills [4].

It was developed by the CSIC Bioengineering Group, who granted an exclusive 
license to Technaid S.L. for the design, manufacture and commercial exploitation of 
the system.

H2 presents an open architectural design, which allows the integration with 
other stimulation systems, giving it an advantage over other exoskeleton models. It 
has motorized joints in the hips, knees and ankles, which are powered by recharge-
able batteries, and it has sensors that allow a good control to perform the desired 
activity, whether it is walking, getting up or sitting [7].

Figure 1. 
Flow chart for the information selection.
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This robotic system works through an interface that connects via Bluetooth to 
a smartphone; through a Wi-Fi connection, the kinetics and kinematics generated 
by the exoskeleton are captured and a database is formed that can be statistically 
analyzed [4].

The interaction between the user and the exoskeleton is very important for the 
comfort and safety of the users in a robotic device, as the sensors must be physically 
placed on the human limbs and due to several issues, specifically related to safety, 
comfort and reliability, placement must be taken into consideration.

The H2 exoskeleton is designed in such a way that there are no sensors physically 
attached to the human being, all the information indicates that the sensors placed 
on the exoskeleton are 6 potentiometers, 18 hall effect sensors and 4 foot switches 
that are used to determine parameters such as angular position and speed, and the 
force and interaction between the user’s limb and the exoskeleton. The H2 exoskel-
eton is equipped with industrial precision, it includes a potentiometer used as an 
angular position sensor, that exhibits high linearity and long rotation life. Its gear 
is through a steel shaft that is coupled to a toothed pulley and a belt that is used to 
transmit the movement of the joint avoiding slipping and therefore an absolute loss 
of reference. The exoskeleton platform is equipped with two foot switches based on 
binary resistive sensors that allow detecting the contact between the subject’s foot 
and the ground, these sensors are located under the heel and toe and their main 
objective is to detect the different phases during segmented motion [4].

The main controller is based on an H2-ARM electronic board specifically 
designed to control usage time. The H2-ARM plate’s small size (56 x 44 mm) allows 
it to be placed on the exoskeleton reducing volume, as well as complexity and the 
difficulty of hiding wiring and connections, as well as eliminating the need for the 
user to carry a backpack that most lower limb exoskeletons have as a disadvantage.

During a pilot study, the H2 exoskeleton function was consistent during a clini-
cal motion rehabilitation protocol. It was shown as a safe therapy without unwanted 
effects and with good tolerance by patients [8]. These results have opened the 
possibility of testing with a larger number of patients.

2.2 ReWalk exoskeleton

This robotic exoskeleton has the ability to use motion supports, which facilitates the 
autonomous movement of the patient. It was developed by ReWalk Robotics Inc [9]. Its 
use is designed for patients who have suffered a complete spinal cord injury between 
C7 and T12, which puts it at an advantage over other more limiting designs in their 
therapeutic applications [10].

Figure 2. 
Exoskeletons: a) H2, b) EKSO, c) HAL, d) KINESIS y e) ReWalk (images taken from Mardomingo-
Medialdea, 2018 [7], and companies web pages).
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It is an open architectural exoskeleton, which has a 28 V electric motor, located 
on the user’s back and powered by lithium batteries with autonomy of up to three 
hours [9].

A novel feature of this exoskeleton is that it has inclination sensors and a wireless 
communicator for its control [9].

The control of the exoskeleton is given by the movements of the trunk and the 
movements of the center of gravity, that is, when the body moves forward, the 
system translates it as the beginning of the step [10].

2.3 EKSO exoskeleton

The EKSO exoskeleton, formerly known as the exoskeleton lower extremity 
motion system, eLEGS, was developed by Berkeley ExoWorks, a company that 
currently holds the name EKSO Bionics [11].

It is an open structure exoskeleton, open architectural exoskeletons make it easy 
to connect to other types of equipment that help with the monitoring of muscle 
activity [7].

This exoskeleton is designed to help people who have suffered strokes, multiple 
sclerosis, Parkinson’s disease, or spinal cord injury below C7, limiting its use for 
patients with higher or invasive injuries [10].

Its operation depends on a single engine, which is located on the patient’s back 
through a backpack, which makes it uncomfortable for some activities, however, 
the engine is highly efficient and favors motor skills, allowing the movement of 
100% of the weight, lateral motion and squat position, a position not achieved with 
any other exoskeleton. It also allows the patient to sit up and return to the standing 
position. Among the advantages offered by this exoskeleton is that it favors the 
reduction of spasticity. Although the use of a backpack on the back is its greatest 
disadvantage because it makes it less comfortable than other models, it is still one of 
the most efficient and functional exoskeletons for patients with paraplegia caused 
by different diseases [10, 11].

2.4 HAL exoskeleton

The Hybrid Assistive Limb (HAL) exoskeleton has been developed by the 
Japanese company CYBERDINE Inc [12].

It is an exoskeleton with an open architectural structure.
It has electric engines located in the lateral part of the legs and arms, making this 

exoskeleton one of the most comfortable of those analyzed in this chapter.
The monitoring of the operation of the exoskeleton is carried out through 

bioelectric signal sensors located on the user’s waist, connected to an interface that 
allows the monitoring of motor activity [5].

It is aimed at patients who have even lost all of the motor function of the lower 
limbs, which gives it a great advantage over other exoskeletons that are limited to 
the fact that the user has limited motility [10].

2.5 Kinesis exoskeleton

The Kinesis exoskeleton has been developed under the auspices of the Spanish 
Higher Council for Scientific Research [13].

Like the past reviewed exoskeletons, it is an open architectural exoskeleton.
This exoskeleton works with a 24 V electric engine, located on the back, a posi-

tion that gives the user some discomfort, especially when changing from a standing 
to a sitting position [13].
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The user-exoskeleton interface is through functional electrical stimulation [14].
One of the great advantages of this exoskeleton is that it can effectively balance 

robotic performance and functional electrical stimulation during motion [10].
However, a major drawback is that it is intended almost exclusively for the 

usage with patients with an incomplete spinal cord injury, who are capable of short 
movements.

Table 1 offers a comparison of the most important characteristics of the five 
exoskeletons analyzed.

3. Discussion

The use of exoskeletons in the rehabilitation of patients with paraplegia shows 
promising results in the recovery of subjects with motor deficits [1].

There are several exoskeletons developed by different companies. These exo-
skeletons have evolved over time to help patients who suffer from paraplegia caused 
by different pathologies. To get the maximum benefit from using these devices, it is 
necessary for the therapist to carefully choose the appropriate device for each patient. 
The exoskeletons presented in this chapter have proven to be excellent aids in the 
partial recovery of motor skills and the improvement of spasticity, although not per-
manently yet, with minimal pain reported by patients who have used them. However, 
the cost of exoskeletons is very high, as it varies among $65,000.00 and $100,000.00, 
which makes it prohibitive for many patients who may require it. Clinical studies in 
patients have different degrees of advancement, for example: the Kinesis exoskeleton 
has significant potential to rehabilitate walking motion of patients with incomplete 
spinal cord injury. The results of tests carried out with KINESIS show that the opera-
tive controller adapted to the functional deficits of the patient as well as to voluntary 
actions during gait, through modulating stimulation and robotic assistance, which 
was the objective of the controller’s design. Further developments should address 
the simultaneous modulation of robot stimulation and assistance based on explicit 
patient needs. This includes more robust methods of managing muscle fatigue. The 
creators foresee additional work related to various aspects of hybrid gait control: 
stimulation control based on estimating muscle activation, improved semi-automatic 
gait control, and improved muscle fatigue monitoring [15].

The EXO-H2 exoskeleton is a robust and safe exoskeleton useful for patients 
with partial leg weakness, while using assistive devices for the upper extremities or 
with the help of a healthcare professional. It can be used by patients after a stroke 
or traumatic injury that results in difficulties while walking. There is a preliminary 
study of EXO-H2 in three patients with stroke-related hemiparesis. The training was 
well tolerated and there were no adverse events. The authors suggest that Exo-H2 
opens the opportunity to study ways to optimize a rehabilitation treatment that can 
be customized for each patient. These results are promising and encourage future 
rehabilitation training with a larger cohort of patients [9].

On the other hand, the HAL exoskeleton has been tested in eight patients 
recovering from hemiparetic strokes, in a study sponsored by the manufacturer and 
the Stockholm City Council, improving the ability to walk in the 10-meter walk test 
and in the categories of functional ambulation; it also improves torso posture and 
facilitates treadmill training, reporting the HAL exoskeleton as safe when used in 
conjunction with an inpatient rehabilitation program. In a current study between 
Dandeyd Hospital and the University of Tsukuba, the conventional gait training 
techniques are compared to the use of HAL in patients recovering from strokes, 
although the results are not conclusive yet.
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The Ekso exoskeleton in its GT model is the first exoskeleton approved by the 
United States Food and Drug Administration (FDA). It is currently under evalua-
tion in many centers in the United States and Europe.

The Kolakowsky-Hayner et al. [16] team found it safe to use with patients with 
complete thoracic spinal cord injury in a controlled environment.

The team of Kressler et al. found that people with chronic complete spinal 
cord injury who used the Ekso for ground walking training could achieve speeds 
and walking distances comparable to the averages of those with incomplete motor 
injuries, but there was little change in the activation of the leg muscles [17].

Ekso may help stroke patients stand longer and take more steps [9].
Finally, the ReWalk exoskeleton has proven to work well in patients with spinal 

cord injury. Outcomes of patients who have been able to walk independently 
have been documented. In the United States it began to be used in the middle of 
this decade; the United States Veterans Administration has implemented the use 
of ReWalk in veterans with paraplegia; and its use in patients recovering from 
cerebrovascular accidents and people with multiple sclerosis is currently under 
investigation [9].

4. Conclusions

The use of robotic technology as support for the rehabilitation of patients with 
paraplegia is a very important tool, which should be considered as part of recov-
ery plans, improving the quality of life of users who require them. However, it is 
important to note that although it has great advantages for users, the cost of these 
exoskeletons is so high that it becomes difficult to be provided to all those patients 
who need them, besides there are also some models that are in early preliminary 
studies to be still considered for use in regular clinical practice.

4.1 Perspectives

In the next 10–15 years, another important area of development will be modular 
robotics, specifically exoskeletons made for unique joints such as the hip, knee or 
ankles, as well as the so-called “soft robotics” that use non-rigid materials, in cus-
tom positions to provide movement for people with different physical limitations 
that do not fit in the current rigid robots. An example of this type of modular robot 
is the Honda Strike Management Assist (SMA), which fits around a person’s waist 
and thighs like a belt and provides assistance to people with weakened leg muscles. 
Weighing approximately 2.8 kg, the SMA is much smaller and lighter than other 
exoskeletons. It is designed to help users regulate their walking pace and lengthen 
their stride, particularly for people who can walk but have mild gait deficiencies 
due to aging or other medical conditions. Researchers at the Chicago Rehabilitation 
Institute are currently evaluating the use of SMA with task-specific training, 
comparing it to traditional physical therapy in the outpatient setting, for people 
who have suffered a stroke. Additionally, soft robotics, an emerging area focused on 
developing systems that are lighter and more flexible to help people with weakened 
upper or lower limbs, is also evolving. Currently, groups such as Harvard University 
[18], Yale University, and ETH Zurich are working on soft material technologies that 
are made up of polymers, gels, and soft microfluidic electronics that exhibit signifi-
cant elasticity with the potential to enhance the utility of wearable robotics. Finally, 
systems that combine functional electrical stimulation, pattern recognition, and 
brain-machine interfaces are also likely to emerge. All of these technologies have 
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the potential to work separately or synergistically with exoskeletons, depending on 
a person’s level of injury and rehabilitation goals [9].
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