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Abstract  
Spinal cord injury is a serious damage to the spinal cord that can lead to life-long disability. Based 
on its etiology, spinal cord injury can be classified as traumatic or non-traumatic spinal cord injury. 
Furthermore, the pathology of spinal cord injury can be divided into two phases, a primary injury 
phase, and a secondary injury phase. The primary spinal cord injury phase involves the initial 
mechanical injury in which the physical force of impact is directly imparted to the spinal cord, 
disrupting blood vessels, axons, and neural cell membranes. After the primary injury, a cascade of 
secondary events begins, expanding the zone of neural tissue damage, and exacerbating neurological 
deficits. Secondary injury is a progressive condition characterized by pro-inflammatory cytokines, 
reactive oxygen species, oxidative damage, excitatory amino acids such as glutamate, loss of ionic 
homeostasis, mitochondrial dysfunction, and cell death. This secondary phase lasts for several 
weeks or months and can be further subdivided into acute, subacute, and chronic. One of the 
most frequent and devastating complications developed among the spinal cord injury population is 
cognitive impairment. The risk of cognitive decline after spinal cord injury has been reported to be 13 
times higher than in healthy individuals. The exact etiology of this neurological complication remains 
unclear, however, many factors have been proposed as potential contributors to the development 
of this disorder, such as concomitant traumatic brain injury, hypoxia, anoxia, autonomic dysfunction, 
sleep disorders such as obstructive sleep apnea, body temperature dysregulation, alcohol abuse, and 
certain drugs. This review focuses on a deep understanding of the pathophysiology of spinal cord 
injury and its relationship to cognitive impairment. We highlight the main mechanisms that lead to 
the development of this neurological complication in patients with spinal cord injury.
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Introduction 
Spinal cord injury (SCI) is a serious damage to the spinal cord that can lead to 
lifelong disability. To define the etiology of SCI it is first necessary to describe 
the underlying mechanisms that lead to the injury itself, which can be 
classified as traumatic SCI or non-traumatic SCI. Non-traumatic SCI can occur 
due to an underlying pathology, such as autoimmune, infectious, vascular, 
or oncologic diseases (Venkatesh et al., 2019). Traumatic SCI causes include 
fractures, motor vehicle accidents, acts of violence, and recreational activities. 
Regardless of the cause, the injury leads to motor, sensory and autonomic 
dysfunction below the level of the lesion, with paralysis and multiple system 
dysfunction being one of the most severe consequences (Craig et al., 2015). 
This event represents serious consequences for the affected population, both 
physically and psychologically. SCI predisposes individuals to the development 
of psychological alterations such as excessive fatigue, feelings of tiredness, 
depressive states, poor-self efficacy, and anxiety (Craig et al., 2012, 2015), 
which, together with the severe conditions caused by the direct aggression 
on the spinal cord, do not only compromise the patient’s health but also their 
quality of life (Craig et al., 2012).

For decades, SCI has been a major health concern since affected individuals 
have shown a drastic decrease in life expectancy. Life expectancy after SCI is 3.7 
years and is determined by several factors, such as the spinal cord affected level, 
the etiology of the injury, ethnicity, and gender, among others (2012). However, 
thanks to improved health services and technological advances, the survival 
rate is currently over 90% of individuals in the first year and close to 50% in the 
40 years post-injury (Middleton et al., 2012). According to the National Spinal 
Cord Injury Statistical Center, the incidence of SCI is approximately 54 cases per 
one million people in the United States, which is equivalent to about 17,900 SCI 
cases per year (2012). Furlan et al. (2013) reported that the incidence varies 
between 8.0 to 246.0 cases per million inhabitants per year, whereas Jazayeri 
et al. (2015) reported that the incidence ranges from 3.6 to 195.4 individuals 
per million around the world. The most frequently affected group includes 
people between the ages of 29 and 43, with a higher frequency in males when 
compared to females (Devivo, 2012; No authors listed, 2012). In Mexico, the 
annual incidence of SCI is estimated to be 18.1 per million inhabitants and 
occurs more frequently in men between 16 to 35 years (Estrada-Mondaca et al., 
2007). The absence of updated statistical data makes it impossible to provide 
more information on the epidemiology of SCI in Mexico.

One of the most frequent and worrisome alterations developed among the 
SCI population is cognitive impairment, as it has been reported that the risk of 
suffering any form of cognitive dysfunction after SCI is 13 times greater than in 
healthy individuals (Craig et al., 2017). A study by Wilmot et al. (1985) showed 
that up to 64% of SCI individuals suffered from some degree of cognitive 
dysfunction after injury. A recent study by Mahmoudi et al. (2021) reported 
that both middle-aged and older adults with SCI had a higher incidence of 
Alzheimer’s disease when compared to those without SCI. This same study 
reported that SCI approximately doubles the risk of early-onset Alzheimer’s 
disease (among people 45–64 years old). In addition, it has been shown that 
people of any age can develop cognitive impairment after SCI, but evidence 
suggests that adults are at a higher risk (Craig et al., 2017). Many studies 
have focused on delineating the mechanisms through which SCI patients 
develop cognitive impairment. A longitudinal study conducted by Richards et 
al. (1988) shows concomitant traumatic brain injury (TBI) as a potential cause 
of the development of cognitive impairment seen in SCI patients. In addition, 
numerous studies (Tolonen et al., 2007; Craig et al., 2017) support this theory, 
including a systematic review by Sachdeva et al. (2018), which states that 
between 16–59% of SCI patients present with a concomitant TBI, which in 
turn generates a cascade of neurological complications such as problems with 
attention, concentration, memory, judgment, irritability, emotional lability and 
acting in a socially inappropriate way, among others (Tolonen et al., 2007). 
Given the high incidence of cognitive impairment observed in SCI patients and 
the difficulty of reaching its diagnosis in early stages (Tolonen et al., 2007), it 
is important to elucidate its etiology, pathophysiological mechanisms, and the 
most current rehabilitation and treatment strategies to achieve an adequate 
recovery and social reintegration of patients. 

Search Strategy and Eligibility Criteria
The search and selection processes were carried out between May and June 
2021. The search was posteriorly extended in November of the same year. 
The following databases were used: PubMed, Research Gate, and NCBI. 

A keyword literature search was performed for all the published literature 
between 1985 and the present. For a more targeted search, the following 
MeSH terms were used: spinal cord injury, cognitive impairment, spinal cord 
injury pathophysiology, spinal cord injury-induced cognitive impairment, 
spinal cord injury-induced autonomic dysfunction, traumatic brain injury-
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induced cognitive impairment. A manual search was also carried out within 
the references referring to important articles.

A total of 130 papers were retrieved through electronic research, of which 
92 were included in this review. Only studies published in the last 2 decades 
were considered for the retrieval of information, with the exception of 
some pioneer publications in the field. There were no limitations in terms of 
the type of study consulted, since systematic reviews, clinical trials, meta-
analyses, among others, were used. 

Spinal Cord Injury Pathophysiology 
The pathology of SCI can be divided into two phases, primary and secondary 
injury (Norenberg et al., 2004; Oyinbo, 2011; Alizadeh et al., 2019; Anjum et 
al., 2020). The primary phase occurs immediately after the aggression and 
involves the initial mechanical injury in which the physical force of impact 
is directly imparted to the spinal cord, disrupting blood vessels, axons, and 
neural-cell membranes (Oyinbo, 2011; Venkatesh et al., 2019; Anjum et 
al., 2020). According to Bunge et al., four macroscopic morphological types 
of injury can be defined in this initial phase: solid cord injury, contusion/
cavity, laceration, and massive compression (Bunge et al., 1993; Norenberg 
et al., 2004). In addition to the neuronal death that occurs at the immediate 
moment of injury, a series of biochemical, molecular, and physiological 
processes occur in a cascade fashion. Some of these events include vascular 
alterations (Norenberg et al., 2004; Alizadeh et al., 2019), such as vasospasm, 
hyperemia, hemodynamic abnormalities, multiple hemorrhages, and systemic 
hypotension (Norenberg et al., 2004; Oyinbo, 2011), which in turn can lead 
to spinal shock and eventually ischemia (Norenberg et al., 2004; O’Shea et 
al., 2017), aggravating the neuronal cell death. Additional consequences of 
vascular damage include extravasation of immune cells into the damaged 
spinal cord tissue, especially monocytes, neutrophils, T and B lymphocytes, 
and macrophages, which in turn secrete several inflammatory cytokines, 
promoting neuronal inflammation (Anjum et al., 2020). Other alterations 
seen during this phase include plasma membrane compromise, disturbances 
in calcium homeostasis, and the beginning of other alterations such as 
accumulation of neurotransmitters, free radical formation, edema, lipid 
peroxidation, demyelination, Wallerian degeneration, and cyst and fibroglial 
scar formation that will predominate during the phase of secondary injury 
(Rowland et al., 2008; Oyinbo, 2011; Alizadeh et al., 2019; Anjum et al., 2020). 

After the primary injury, a cascade of secondary events is initiated, expanding 
the zone of neural tissue damage, and exacerbating neurological deficits. 
Secondary injury is a progressive condition characterized by pro-inflammatory 
cytokines, reactive oxygen species, oxidative damage, excitatory amino acids 
such as glutamate, loss of ionic homeostasis, mitochondrial dysfunction, and 
cell death (Venkatesh et al., 2019). The secondary phase is triggered by the 
primary stage and begins just minutes after the initial injury; it lasts for several 
weeks or months. During this phase there is a progressive deterioration 
in the spinal cord tissue which affects not only the area involved in the 
primary injury but also areas close to this site, therefore becoming a critical 
therapeutic target for the prevention of injury progression (Venkatesh et al., 
2019). As part of this stage, recent studies suggest that extracellular vesicles 
(EVs) participate in the progression of secondary injury by transporting 
parent-cell specific signaling cargoes (e.g., signal lipids, genetic information, 
cytokines, receptors) that alter the function of recipient cells within the 
central nervous system (CNS) and beyond. Interestingly, local EVs release may 
also contribute to recovery and repair mechanisms relevant to SCI (Dutta et 
al., 2021). This secondary phase can be further subdivided into three stages: 
acute (seconds to a few minutes after injury), subacute (minutes to weeks 
after injury), and chronic (months to years after injury) (Bunge et al., 1993; 
Tator and Koyanagi, 1997; Dumont et al., 2001; Norenberg et al., 2004; 
Rowland et al., 2008; Oyinbo, 2011; O’Shea et al., 2017; Alizadeh et al., 2019; 
Anjum et al., 2020). 

Acute stage 
Although many of the disturbances present in the primary phase can still 
be seen at this stage of injury, its main characteristic is the interruption 
of the spinal cord vascular supply (Anjum et al., 2020), causing variable 
levels of ischemia and hypoxia. Impairment of spinal cord vascular supply, 
accompanied by hypotension and diminished perfusion into the spinal cord, 
due to edema and inflammation, is one of the prompt consequences of the 
primary injury (Alizadeh et al., 2019). Vascular alterations ultimately lead to 
cell death and tissue destruction through the following mechanisms: ionic 
imbalance, adenosine triphosphate deficiency, oxygen depletion, free radical 
formation, necrosis, and glutamate excitotoxicity (Alizadeh et al., 2019).

Sub-acute stage 
This stage is characterized by axonal demyelination, Wallerian degeneration, 
axonal remodeling, and initiation of glial scar formation (gliosis) (Anjum et al., 
2020). Compared to the acute stage, the sub-acute stage presents a major 
tissue damage promoted by apoptosis. After the injury, glutamate is widely 
released into the extracellular space (Dumont et al., 2001; Oyinbo, 2011), 
causing both an impairment of Na+/K+ ATPase function and intracellular 
calcium accumulation (Dumont et al., 2001), ultimately causing apoptosis 
through excitotoxic cell death (Xu et al., 2005). The demyelination of the 
remaining axons at the injury site is the result of the apoptotic process that 
oligodendrocytes undergo (Oyinbo, 2011; Venkatesh et al., 2019; Anjum et 
al., 2020). Wallerian degeneration, an event related to the demyelination 
process, represents the anterograde degeneration of axons and their myelin 
sheaths that have been damaged after the injury (Norenberg et al., 2004). 

Table 1 ｜ Systemic complications after spinal cord injury

Organ/system affected Complications

Pulmonary Acute lung injury

Acute respiratory distress syndrome

Respiratory failure

Pulmonary embolism
Pleural effusion
Lobar collapse
Pneumonia
Pneumothorax and hemothorax

Hematologic Deep venous thrombosis
Anemia
Thrombocytopenia

Coagulopathies 

Renal Acute kidney disease
Hematuria
Urinary tract infections
Chronic kidney disease

Neuropsychiatric Depression
Cognitive disorders
Anxiety
Autonomic dysreflexia 

Cardiovascular Arrhythmia
Bradycardia 
Myocardial infarction
Heart failure
Pulmonary edema
Hypertension
Atherosclerosis

Metabolic Type 2 diabetes mellitus
Hypercholesterolemia
Non-alcoholic fatty liver disease
Metabolic syndrome

Skin Pressure ulcers

Chronic stage 
This stage is mainly characterized by the formation of a cystic cavity, axonal 
dieback, and maturation of glial scar (O’Shea et al., 2017; Anjum et al., 
2020). Few days after the initial injury, astrocytes undergo hypertrophy and 
hyperplasia, a process known as reactive astrocytosis. These cells, called 
gemistocytes, present a highly active metabolic state (Norenberg et al., 
2004). As a result of hypertrophy, gemistocytes develop longer and thicker 
cytoplasmic processes that form an interlocking network, promoting the 
formation of an astroglial scar. The formation of the glial scar favors the 
formation of an isolated deleterious microenvironment, therefore preventing 
an adequate regeneration at the injury site (Ibarra et al., 2019). Some of the 
systemic complications that SCI patients develop are shown in Table 1 (Sezer 
et al., 2015; Stricsek et al., 2017; Peterson et al., 2021).

Cognitive Impairment in Spinal Cord Injury 
Patients
Cognitive impairment represents a well-known complication among the 
SCI population and is manifested by the presence of different alterations in 
cognitive function, such as a decreased attention and concentration capacity, 
impaired visuospatial perception, decreased ability to resolve problems, 
impaired processing speed, memory, and learning ability (Murray et al., 2007; 
Molina et al., 2018; Chiaravalloti et al., 2020a, b). These cognitive alterations 
result in a decreased quality of life (Murray et al., 2007; Chiaravalloti et al., 
2020a, b) and may favor the appearance of aggressive behaviors in patients 
as well as a higher risk of hospital readmission (Chiaravalloti et al., 2020a, 
b). The exact etiology of these cognitive disturbances remains unclear. As it 
appears to be a multifactorial condition, many factors have been proposed 
as potential contributors to the development of this disorder. Studies 
have suggested concomitant traumatic brain injury, hypoxia, and anoxia, 
cardiovascular and cerebrovascular dysfunction (Murray et al., 2007), sleep 
disorders such as obstructive sleep apnea (Bonekat et al., 1990), body 
temperature dysregulation, substance, and alcohol abuse (Grant, 1987), as 
possible inductors of cognitive impairment in SCI patients. 

The severity and incidence of this pathology have also been investigated. With 
this respect, Molina and colleagues reported the main differences in cognitive 
function between the acute and chronic stages of SCI. In their study, they 
stated that cognitive impairment presents a higher incidence and severity in 
the chronic than in the acute stage (Molina et al., 2018). However, cognitive 
function deficits are present in both stages, with some of the patients being 
impaired since the acute stage and worsening over time. These data suggest 
the progressive nature of cognitive impairment and the maximum peak that 
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it can reach during the later stages of the injury (Molina et al., 2018). Another 
interesting finding of this study was the higher prevalence of cognitive 
impairment in the group of patients under treatment with neuroactive drugs 
to treat mood and pain disorders, suggesting that these drugs could have a 
negative impact on cognition among people with SCI (Molina et al., 2018). 

The impact of the anatomic level of injury in the spinal cord on cognitive 
function has also been investigated. In a study carried out by Wecht et al. 
(2018), it was shown that patients with SCI at or above the T1 level have 
a lower performance on cognitive tasks (Wecht et al., 2018). On the other 
hand, given the fundamental role of the spinal cord in the functions of the 
autonomic nervous system, it has been suggested that hemodynamic events 
after SCI (chronic hypotension and orthostatic hypotension), particularly in 
individuals with high spinal cord lesions (i.e., above T6), may contribute to the 
development of distinct patterns of cognitive impairment (Chiaravalloti et al., 
2020a). In line with these findings, Chiaravalloti et al. (2020a, b) also identified 
a relationship between some cognitive functions and hemodynamic changes, 
concluding that, an increase in cerebral vascular resistance leads to the 
worsened performance of the individual in tasks that involve cognitive activity. 

It is worth mentioning that the presence of pain after SCI represents an 
adverse impact not only on cognitive function but also on the quality of life 
and physical functions (Murray et al., 2007), as it has been demonstrated that 
adults with cognitive dysfunction are at increased risk for the development 
of mental health problems such as depression and anxiety (Craig et al., 
2017). Due to the lack of capacity of some studies to identify the more subtle 
cognitive alterations, Chiaravalloti et al. (2020b) highlighted the importance 
of carrying out a correct assessment of cognitive function after SCI (Barbetta 
et al., 2014). They proposed the use of a detailed neuropsychological 
assessment that evaluates all domains of cognition, rather than using general 
screening measures that assess global cognition (Chiaravalloti et al., 2020b).

Pathophysiology 
SCI induces chronic neuroinflammation and neurodegeneration in brain 
regions linked to memory, emotions, and pain regulation. These pathological 
findings in preclinical models demonstrate that secondary injury phase 
processes extend far beyond the initial site of injury and may explain the 
cognitive deficits observed in patients with SCI (Khan et al., 2021) (Figure 1). 
In fact, several studies have reported that SCI can cause varying degrees of 
cognitive impairment, which can negatively impact an individual’s quality of 
life. Thus, elucidating the mechanisms that lead to the development of this 
disorder is of great importance to make an accurate diagnosis and provide 
prompt treatment. 

protein response”, designed to restore protein homeostasis and prevent cell 
death (Wu et al., 2016). ER stress is implicated in the development of several 
neurodegenerative diseases, including ischemia, diabetes, bipolar disorder, 
and can lead to cell death (Hossain et al., 2015; Wu et al., 2016; Sefiani and 
Geoffroy, 2021). This phenomenon is related to neuroinflammation through 
proinflammatory cytokines and reactive oxygen species cellular pathways, as it 
has been demonstrated that tumor necrosis factor alpha (TNF-α), interleukin 
(IL)-1α, inducible nitric oxide synthase, and CCL2/3 show significant elevations 
in the hippocampi after SCI. GRP78, a marker for ER stress, is still elevated in 
the hippocampus 4 months after SCI in a linear relationship to the severity 
of the SCI, implicating that SCI causes chronic ER stress (Sefiani and Geoffroy, 
2021). Furthermore, evidence from Wu et al. (2016) showed that the number 
of GRP78+ cells was elevated in key areas of the brain that contribute to 
memory formation and maintenance, such as the hippocampus, cortex, and 
thalamus. Chronic ER stress has been shown to elevate inflammatory markers, 
induce neuronal death, reduce neural stem cell proliferation, and impair 
autophagy (Sefiani and Geoffroy, 2021). Therefore, activation of ER stress in 
the brain may contribute to diminished neuronal survival in key brain regions 
for cognition, which in turn is associated with the development of cognitive 
impairment. 

Inflammation occurs immediately following SCI, peripheral macrophages 
infiltrate into the spinal cord, and resident microglia transform into activated 
microglia to remove dead cells and promote healing. However, while acute 
inflammation can have beneficial effects, the chronic inflammation that 
develops after SCI has serious negative outcomes. Inflammation is not 
confined to the primary site of injury or even the spinal cord. After SCI, the 
brain also expresses proinflammatory cytokines associated with activated 
microglia, producing neurotoxicity in their surroundings. Activated microglia 
have been identified in the thalamus, hippocampus, and frontal cortex in 
rodent models of SCI, becoming activated as soon as 7 days post-SCI and 
remaining for at least 10 weeks. These changes are associated with cognitive 
impairment (Brakel and Hook, 2019).

The dentate gyrus (DG) of the hippocampus is a region of the brain that is 
believed to have a key role in the process of learning and the formation of 
new memory. Wu et al. (2016) reported a disruption in neurogenesis in the 
DG of the hippocampus by causing a reduction in the number of neurons 
within the hippocampi and disrupting the ability of immature neurons to 
differentiate into the mature neuronal lineage, thus contributing to impaired 
memory formation. A study reported by Jure et al. (2017) supported the 
latter as they found that decreased neurogenesis in the mouse hippocampi 
was associated with microglial activation and astrogliosis within the DG after 
SCI. Of note, they demonstrated that hippocampal neurogenesis and glial 
responses in the DG were highly dependent on SCI severity. Evidence strongly 
suggests that SCI promotes microglial activation in the brain by altering gene 
expression of the M1 and M2 microglia phenotypes in the hippocampus. The 
M1 microglia phenotype, also known as inflammatory microglia, is known 
to promote neurotoxic effects by releasing proinflammatory cytokines, 
which in turn inhibit neurogenesis, neuronal differentiation, and neuronal 
survival. SCI rats showed an increase in proinflammatory mediators, such 
as TNF α, inducible nitric oxide synthase, IL-6, and reactive oxygen species 
in hippocampal tissue. In addition, CCL21, an effective microglia-activating 
chemokine, is only expressed in injured neurons in the CNS and can quickly 
cause neuroinflammation at local and remote sites of injury. Levels of CCL21 
are increased in numerous brain areas after SCI, thus indirectly contributing 
to microglia activation and neuroinflammation. These changes are associated 
with neuronal loss in the hippocampus, cortex, and thalamus (Wu et al., 
2014a, b; Jure et al., 2017; Chen et al., 2020; Sefiani and Geoffroy, 2021).

EVs are membrane-delimited particles that are secreted by nearly all cell 
types and can be detected in all body fluids, including blood, urine, and 
cerebrospinal fluid. As carriers of diverse bioactive cargoes (e.g., proteins, 
lipids, and nucleic acids) that can be modified in response to external stimuli, 
EVs have emerged as pathological mediators following neurotrauma such 
as SCI. Upon proinflammatory stimulation (e.g., IL-1β, TNF-α, IFN-γ, or 
lipopolysaccharide), microglia release EVs enriched with proinflammatory 
cytokines (e.g., IL-1β) and miRNAs (e.g., miR-146a-5p) that are transferred 
to neurons, leading to downregulation of key pre- and post-synaptic proteins 
(e.g., synaptotagmin 1 and neuroligin 1), thus reducing synaptic density 
and strength. EVs from lipopolysaccharide-stimulated microglia also carry 
the enzyme glutaminase that may contribute to neurotoxicity through 
excessive glutamate production. Importantly, microglial EVs released under 
these stimuli may also contribute to inflammation by activating surrounding 
microglia and astrocytes. Furthermore, in response to similar proinflammatory 
stimuli, astrocytes undergo a phenotypic transformation known as reactive 
astrogliosis. EVs derived from reactive astrogliosis are enriched in small 
GTPases, cytokines, proteins, and miRNAs that inhibit neuronal function by 
decreasing neurite outgrowth and spike firing rates. EVs derived from reactive 
astrogliosis may also lead to neuronal apoptosis. These findings support a role 
for EVs produced by activated glia in mediating secondary injury following SCI. 
Moreover, emerging evidence suggests that circulating EVs play an important 
role in both CNS injury progression and systemic inflammatory complications 
(e.g., pulmonary dysfunction) following neurotrauma (Dutta et al., 2021). 

Circulating EVs following SCI could promote inflammation in recipient target 
organs, particularly the brain. A recent study performed by Khan et al 
evaluated the latter by intracerebroventricular injection of plasma EVs from 
either SCI or control mice into healthy mice. At 24 hours post-injection, they 
found an increased expression of several inflammatory genes in the brain 

Figure 1 ｜ Diagram schematizing the pathophysiology of spinal cord injury (SCI)-
mediated cognitive impairment. 
After an aggression to the spinal cord, there is a primary response phase, characterized 
by alterations in the cellular microenvironment and neuronal death, followed by 
a late secondary response phase, where a series of events such as the release of 
proinflammatory cytokines, reactive oxygen species (ROS), glutamate excitotoxicity, 
mitochondrial dysfunction, and neuronal cell death aggravate the initial state of injury. 
This phase triggers a process known as “endoplasmic reticulum (ER) stress”, which is 
characterized by promoting an increase in several proinflammatory cytokines, resulting in 
the activation of local microglia and the release of extracellular vesicles (EVs) containing 
proinflammatory cytokines, which in turn travel through the bloodstream to critical areas 
of the brain. This event coupled with neuronal death and ER stress leads to a state of 
neuroinflammation that ultimately leads to the development of cognitive impairment. 
CCL2/3: Chemokine (C-C motif) ligand 2/3; ER: endoplasmic reticulum; EVs: extracellular 
vesicles; IL1-α: interleukin 1α; iNOS: inducible nitric oxide synthase; ROS: reactive oxygen 
species; TNFα: tumor necrosis factor α.

A study conducted by Wu et al. (2016) postulated a relationship between 
the development of cognitive impairment and a phenomenon known as 
“endoplasmic reticulum (ER) stress”. The ER is a large and dynamic cellular 
organelle that performs several vital functions contributing to normal 
homeostases, such as protein synthesis, folding, modification and transport, 
calcium storage, and lipid metabolism (Schwarz and Blower, 2016; Wu et al., 
2016). Insults to this organelle lead to alterations in its function, disturbing 
the normal pathways for synthesis and transport of proteins and leading to 
an accumulation of misfolded proteins within this structure (Oakes and Papa, 
2015). This results in the activation of another phenomenon called “unfolded 
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cortex associated with injection of SCI plasma EVs, including markers related 
to astrocyte reactivity, thus demonstrating that SCI alters plasma EVs and 
may contribute to remote inflammatory effects in the brain. Furthermore, 
increased intracellular IL-1β and IL-1α levels in brain astrocytes were observed 
(Khan et al., 2021). These data suggest that EVs-containing proinflammatory 
cargo are released by cells directly from the injury site and travel through the 
blood circulation to seed brain inflammation, which may contribute to long-
term neurodegeneration and associated cognitive deficits following SCI (Dutta 
et al., 2021; Khan et al., 2021).

Main contributors
The altered cognitive patterns observed after SCI could also be the result of 
different comorbidities, the most important being TBI. 

Traumatic brain injury
Traumatic SCI often occurs in association with TBI, as the incidence of 
concomitant TBI in patients with SCI has been reported to be as high as 60%. 
Other reports suggest that up to 74% of individuals suffer from concomitant 
TBI after traumatic SCI (Cohen et al., 2017), suggesting that the simultaneous 
occurrence of TBI and SCI is more common than it may seem. Evidence shows 
that TBI plays an important role in the appearance of cognitive impairment 
in SCI patients (Davidoff et al., 1988; Richards et al., 1988; Tolonen et al., 
2007; Craig et al., 2017). A series of two studies conducted by Macciocchi et 
al. (2004, 2008) demonstrated the relationship between TBI and cognitive 
impairment, concluding that TBI is a frequent injury that concurs with 
traumatic SCI and that the low performance of SCI patients in the Cognitive 
FIM test score reveals lower functional gains during rehabilitation in patients 
suffering from concomitant TBI after SCI. Memory impairment is one of the 
most frequent neurological manifestations after suffering from TBI (Paterno 
et al., 2017; Calvillo and Irimia, 2020). Many studies have sought to elucidate 
the pathophysiological mechanisms responsible for the development of 
cognitive impairment after TBI. According to a systematic review conducted 
by Paterno et al. (2017), alterations in the DG and the CA3 and CA1 areas of 
the hippocampus following an episode of TBI appear to be the main events 
responsible for the onset of memory impairment. This hypothesis supports 
the fact that the hippocampus is a fundamental structure, if not the most 
important, in the development of memory, and any insult to it can contribute 
to the development of varying degrees of cognitive impairment. Despite this 
evidence, some authors do not find a direct relationship between TBI and the 
appearance of cognitive impairment (Craig et al., 2017), so future research is 
needed to address this issue.

Unfortunately, TBI is often underdiagnosed in patients with SCI, and up to 
58.5% of individuals with traumatic SCI have a missed diagnosis of TBI and it 
should also be noticed that a previous history of TBI can lead to impulsivity, 
risk behaviors, and cognitive impairment. Therefore, more research is needed 
to investigate which individuals with SCI and TBI are at risk of developing 
cognitive impairment and how TBI may contribute to the development of 
cognitive impairment in the chronic phase of SCI (Distel et al., 2020).

Autonomic nervous system dysfunction
Autonomic dysfunction (AD) is one of the most frequent and devastating 
complications of SCI. It occurs in up to 90% of individuals with upper 
thoracic (at or above the T6 level) and cervical SCI (Furlan et al., 2003; Elliott 
and Krassioukov, 2006; Groothuis et al., 2010; Krassioukov, 2012). Some 
manifestations seen during an AD episode are bradycardia or tachycardia and 
dangerous fluctuations in blood pressure, from 50 mmHg or less during an 
orthostatic challenge to 300 mmHg (Elliott and Krassioukov, 2006; Hubli et 
al., 2015; Sachdeva et al., 2019); alterations in the circadian blood pressure 
oscillations might occur (Krassioukov, 2012). Autonomic dysreflexia –the 
main alteration of AD– can occur during the acute phase of SCI (Krassioukov, 
2012). This phenomenon is defined as an extreme hypertensive state (systolic 
blood pressure up to 300 mmHg) and is caused by exacerbated sympathetic 
activity; it mainly occurs in patients with SCI at or above the T6 level and 
is triggered by either noxious or non-noxious stimuli (Krassioukov, 2012; 
Sachdeva et al., 2019). Notably, an increase of more than 20-30 mmHg in 
systolic blood pressure during the resting state can be considered an AD 
episode (Elliott and Krassioukov, 2006; Groothuis et al., 2010). In general, 
the blood pressure at rest of patients with SCI is lower than in healthy 
individuals, with disabling episodes of orthostatic hypotension. However, 
as mentioned before, life-threatening episodes of autonomic dysreflexia 
may occur, where systolic blood pressure can reach up to 300 mmHg 
potentially leading to stroke and death. These cardiovascular abnormalities 
are attributed to autonomic instability caused by the destruction of the 
descending vasomotor pathways, which results in the loss of excitatory 
supraspinal input to the spinal sympathetic preganglionic neurons. The 
destruction of the descending vasomotor pathways is considered the major 
factor that contributes to the persistent sympathetic atony after SCI (Teasell 
et al., 2000; Furlan et al., 2003). Dramatic fluctuations in blood pressure can 
have dangerous consequences for the cerebrovascular system, increasing the 
risk of strokes, intracranial hemorrhages, and seizures (Furlan et al., 2003; 
Elliott and Krassioukov, 2006; Groothuis et al., 2010). Interestingly, certain 
brain areas, such as the cortex, hippocampus, and basal ganglia are more 
prone to ischemic damage (Sachdeva et al., 2019). Therefore, blood pressure 
dysregulation and the consequent sustained hypotensive state, which can last 
for more than 24 hours, may contribute to the development of the cognitive 
impairment seen in SCI patients by reducing cerebral blood flow to these 
areas of the brain (Jegede et al., 2010). A study aimed at demonstrating the 
contribution of changes in blood pressure and cerebral blood flow velocity 

in the development of cognitive impairment in SCI patients reported that 
alterations in blood pressure reflected an inability to maintain and adjust the 
cerebral blood flow velocity to achieve an adequate metabolic supply to the 
brain during the performance of tasks involving cognitive functions (Wecht et 
al., 2018).

Psychiatric disorders
A history of premorbid neuropsychological conditions may be associated 
with cognitive impairment after SCI, and possibly led to the initial injury. 
Multiple studies have identified psychiatric diseases such as attention-deficit/
hyperactivity disorder as predisposing adolescents to injuries, including 
SCI. In fact, the rate of “severe injury” (fracture of skull, neck, and trunk; 
intracranial injury; injuries to nerves and spinal cord) is three times higher in 
the population with attention-deficit/hyperactivity disorder when compared 
with a population without attention-deficit/hyperactivity disorder. Moreover, 
individuals with impulsivity/risk-taking behavior are more likely to experience 
an SCI event. In addition to these premorbid psychiatric conditions, there are 
increased rates of psychological and psychiatric disorders following SCI. Up to 
17% of SCI patients are diagnosed with a psychological disorder at discharge 
from rehabilitation and 25% at 6 months following discharge. Depression is 
the most common psychiatric diagnosis (14.1%) in SCI patients. Less common 
disorders include bipolar disorder (4.2%), general anxiety (4.2%), and 
posttraumatic stress disorder (1.4%) (Distel et al., 2020). Marvel and Paradiso 
(2004) found that depression, bipolar disorder, and anxiety are associated 
with cognitive impairment. Furthermore, mood disorders were found to be 
associated with both functional and structural abnormalities in the prefrontal 
cortex, hippocampus, and anterior cingulate cortex (Marvel and Paradiso, 
2004). In contrast, Davidoff et al reported no effect of depression on cognition 
in SCI individuals and stated that depression and cognitive impairment are 
two separated and causally unrelated problems after SCI (Davidoff et al., 
1990; Distel et al., 2020). In addition, Craig et al. (2017) found that levels of 
depression and anxiety were not different between SCI patients with and 
without cognitive impairment in the inpatient rehabilitation stage. However, 
both psychiatric disorders increased significantly after living 6 months in the 
community in patients with cognitive impairment when compared to those 
without cognitive impairment. Therefore, psychiatric disorders may be a 
consequence of cognitive impairment rather than a cause (Craig et al., 2017; 
Distel et al., 2020).

Substance abuse
Up to 50% of the population with substance abuse and alcohol ingestion has 
been reported to be at increased risk of cognitive impairment (Davidoff et 
al., 1992). Substance abuse is common both before and after an SCI event 
and is often a contributor to the initial SCI. In fact, alcohol contributes to 35% 
to 40% of traumatic SCI and more than 30% of SCI patients have a positive 
test for illicit drugs. In addition, up to 8.6% of SCI patients have evidence of 
alcohol abuse 6 months after injury and up to 32% have evidence of overall 
substance abuse (Distel et al., 2020). 

Alcohol and drug abuse have a variety of cognitive effects, with dysfunction 
being most noticed in attention, memory, planning, behavior, and decision 
making. Marijuana is becoming widely accepted and used for the treatment 
of pain and spasticity. However, evidence suggests that cannabis intake is 
harmful to cognitive function, including verbal memory, processing speed, 
and executive functions (Distel et al., 2020).

Polypharmacy
Many pharmacologic agents interfere with neurotransmission in brain areas 
that control cognitive function, and this effect is greater the more agents are 
prescribed to a patient (Salimzade et al., 2017). Kitzman et al. (2017) found 
that 56% of SCI patients were prescribed 5 or more medications, compared 
to 27% of those without SCI. Of the SCI population, 23% were prescribed 
10 or more medications, compared to only 7% of those without SCI. 
Moreover, high-risk medications (defined as sedative-hypnotics, anxiolytics, 
antispasmodics, serotoninergic agents, narcotics, antiepileptics, tricyclic 
antidepressants, and skeletal muscle relaxants) were prescribed in up to 92% 
of SCI patients, compared to 44% of those without SCI (Kitzman et al., 2017).

Benzodiazepines and nonbenzodiazepine hypnotics act by enhancing gamma-
aminobutyric acid-A, the primary inhibitory neurotransmitter in the CNS. 
Both medications are commonly associated with cognitive impairment and 
have been shown to have amnestic and non-amnestic cognitive effects in 
patients with SCI (Tannenbaum et al., 2012; Distel et al., 2020). Baclofen acts 
as an agonist at GABA-B receptors and is often the first choice of treatment 
for spasticity. Studies performed in mouse models have shown evidence 
that baclofen leads to cognitive impairment. However, there have not been 
studies examining these effects in humans (Levin et al., 2004; Pujol et al., 
2018; Distel et al., 2020). Opioids work by binding to opioid receptors in 
the CNS and are still used for analgesia in SCI patients. These medications 
have been shown to cause both amnestic and non-amnestic impairments, 
including difficulties with sustained attention, reaction time, executive 
functioning, response inhibition, and set-shifting. In addition, only a small 
amount of opioid is required to cause cognitive impairment (Tannenbaum 
et al., 2012; Berryman et al., 2014; Distel et al., 2020). Antipsychotics act by 
increasing dopamine in the CNS and are often used in hospitalized patients 
with SCI who develop delirium and for sleep. However, evidence suggests 
that these medications may impair recall and reaction time (Tannenbaum 
et al., 2012; Distel et al., 2020). Antiepileptics can act in a variety of ways to 
enhance inhibitory neurotransmitters or suppress neuronal excitability. These 
medications are often used in SCI patients to treat seizures or neuropathic 
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pain. However, potential adverse cognitive effects include impaired memory, 
concentration, processing speed, and verbal fluency (Eddy et al., 2011). Two 
antiepileptic drugs that are commonly used in SCI patients are gabapentin 
and pregabalin, which act as calcium channel alpha 2-delta blockers and 
affect the release of neurotransmitters. Both agents have been shown to 
have negative cognitive effects in humans (Chavant et al., 2011; Shem et al., 
2018). Lastly, anticholinergic agents are also frequently prescribed to SCI 
patients to treat bladder overactivity (e.g., bladder antimuscarinics) and for 
mood/pain management (e.g., tricyclic antidepressants). The cholinergic 
system projects into the cortex and hippocampus and is involved in memory 
storage and retrieval, perception, and attention. Krebs and colleagues have 
postulated that the intake of antimuscarinic drugs for bladder dysfunction 
after SCI may act as possible contributors to the development of cognitive 
impairment (Krebs et al., 2018). Among antimuscarinic drugs, oxybutynin 
shows the greatest negative effect on cognition. On the other hand, tricyclic 
antidepressants are also related to cognitive impairment, particularly with 
attention and reaction time (Tannenbaum et al., 2012; Distel et al., 2020).

Chronic pain and chronic fatigue
Pain has been shown in the literature to interfere with cognitive processing, 
most commonly affecting attention and both working and short-term 
memory. This effect on cognition may be due to the brain plasticity associated 
with chronic pain, resulting in structural and functional changes in different 
cortical regions that are associated with learning, memory, fear, and 
emotional responses. Moreover, chronic pain can lead to a very complex 
functional reorganization of the default mode network, a region that governs 
numerous elements of cognitive function such as attention allocation, 
working memory, and decision-making (Mazza et al., 2018).

On the other hand, chronic fatigue may also contribute to cognitive 
impairment following SCI since patients with chronic SCI have higher levels 
of chronic fatigue when compared with controls. In fact, this same study also 
reported that SCI patients experienced an increased feeling of “tiredness” 
after completing a 2-hour cognitive task (Craig et al., 2012).

Respiratory disorders
Respiratory disorders are common in both the acute and chronic stages of 
SCI (Berlowitz et al., 2016). Individuals with high cervical tetraplegia are at 
risk of chronic respiratory failure with hypercapnia and hypoxemia (Brown 
et al., 2006), which are both associated with cognitive impairment in other 
pulmonary disorders (Cleutjens et al., 2014). However, the relationship 
between SCI-induced respiratory failure and cognition remains unknown.

Obstructive sleep apnea (OSA) is the most common form of sleep breathing 
disorder among individuals with tetraplegia (Sachdeva et al., 2018), 
approaching almost 60% of patients (Distel et al., 2020). Arterial oxygen 
desaturation and sleep disruption cause patients with OSA to present with 
daytime sleepiness. In able-bodied individuals, hypoxia (e.g., in hypoxemic 
lung disease), as well as untreated cases of OSA, has been associated with 
neuropsychological disorders. Individuals with tetraplegia and oxygen 
desaturation < 80% are associated with impaired attention, concentration, 
immediate and short-term memory, cognitive flexibility, and working memory. 
Moreover, individuals with tetraplegia and OSA are associated with impaired 
attention, information processing, and immediate memory (Sachdeva et al., 
2018).

Post-intensive care unit syndrome
In the setting of an acute SCI event treatment begins in the intensive care 
unit. Individuals who are hospitalized with critical disorders and are in the 
intensive care unit are at increased risk of developing significant cognitive 
impairment both acutely and chronically. This cognitive impairment is known 
as post-intensive care syndrome and constitutes the sequel related to injuries 
upon discharge from critical care (Distel et al., 2020). Acute brain dysfunction 
occurs in 20% to 80% of patients admitted to the intensive care unit (Girard 
et al., 2008), and even after discharge, cognitive impairment occurs in 30% 
to 80% of patients. The risk factors that have been associated with post-
intensive care syndrome are the same factors that are often present in SCI 
patients during the acute stage; include hypotension, sedation, hypoxemia, 
prolonged mechanical ventilation, multiorgan failure, systemic administration 
of corticosteroids, and younger ager (Colbenson et al., 2019; Distel et al., 
2020).

Cortical reorganization
SCI produces an extensive brain reorganization due to cortical circuit 
deafferentation, leading to the atrophy not only of the spinal cord but also of 
the sensorimotor cortex and corticospinal tract. The decrease of corticospinal 
tract integrity and cortical grey matter volume is directly correlated with 
spinal cord atrophy in humans, suggesting that trauma-induced spinal 
degenerative process spread towards the brain (Jure and Labombarda, 
2017). Possible mechanisms of cortical reorganization following SCI include 
the slowing of spontaneous cortical activity, cortical atrophy, and neuronal 
loss through apoptosis in the sensorimotor cortex (Nardone et al., 2013). 
Although most studies focus on atrophy/plasticity of the sensorimotor cortex, 
other regions of the brain that are not directly associated with the injury site 
have been reported to be affected after SCI, such as the anterior cingulate 
cortex, periaqueductal gray matter, superior cerebellar cortex, hippocampus, 
and medial prefrontal cortex (involved with emotional responses, memory, 
decision making) (Nicotra et al., 2006; Wrigley et al., 2009; Distel et al., 2020; 
Li et al., 2020b).

Neuroinflammation
SCI leads to chronic inflammation of the brain through glial activation and 
progressive neurodegeneration in animal models (Faden et al., 2016; Li et al., 
2020a). SCI induces the upregulation of the neurotoxic reactive phenotype 
M1 of microglia, which increases the expression of proinflammatory cytokines 
(such as IL-6 and TNF α), reactive oxygen species, and nitric oxide, which 
leads to tissue inflammation. This SCI-induced neuroinflammation in the 
cortex, thalamus, and hippocampus leads to neuronal loss, a pathway similar 
to models with TBI (Wu et al., 2014a; Li et al., 2020a). Therefore, SCI causes 
progressive chronic neuroinflammation, leading to neurodegeneration in key 
brain regions associated with cognitive impairment. However, the precise 
molecular mechanisms underlying these changes have not been completely 
elucidated (Li et al., 2020a).
Regard ing  neurogenes i s ,  g l i a l  ac t i vat ion  through  SC I - induced 
neuroinflammation has been shown to reduce neurogenesis. In fact, several 
studies have reported decreased neurogenesis in the brain at chronic stages 
of SCI. These findings, combined with the theory of impaired neurogenesis 
being one of the underlying mechanisms of cognitive impairment, may 
provide an explanation of why SCI patients have a significantly higher risk of 
cognitive impairment (Li et al., 2020a).

Other contributors
It is well known that the elderly population is at greater risk of developing a 
decline in cognition and is even considered the most important risk factor 
for the development of abnormalities in the domains of memory, language, 
processing speed and executive function (Mollayeva et al., 2017). Recent 
studies showed significant cognitive impairment in elderly participants with 
SCI (> 60 years) compared to younger ones (< 40 years) across cognitive 
tests. Elderly adults with SCI had decreased short-term capacity and 
working memory capacity when compared to young patients with SCI. An 
exception to the latter was the population with higher verbal ability and more 
years of education, as these two variables were associated with a better 
memory span (Sachdeva et al., 2018). Moreover, the evidence suggests 
that the development of cognitive impairment is observed mainly in men 
compared to women (Wood, 2017). Lastly, it is important to mention that 
sociodemographic factors, education level, and self-reported preinjury history 
of learning disability are predictive factors of performance on cognitive tests. 
Up to 13.7% of SCI patients had a self-reported history of learning problems. 
Therefore, learning difficulties prior to the injury may play an important 
role in the development of cognitive impairment in SCI patients (Distel et 
al., 2020). It is, therefore, necessary to consider not only age but also other 
factors when trying to predict the risk that an SCI patient has of developing 
cognitive impairment.

Conclusion
This review has focused on recent evidence indicating that SCI patients are 
at increased risk of developing cognitive impairment. TBI represents the 
main contributor to cognitive impairment in SCI patients. However, other 
factors may play an important role in its development, such as hypoxia and 
anoxia, autonomic nervous system dysfunction, sleep disorders such as 
obstructive sleep apnea, body temperature dysregulation, substance and 
alcohol abuse, and advanced age. Although significant advances in recent 
decades have decreased morbidity and mortality after SCI, the relationship 
between SCI and cognitive impairment continues to be a contributing factor 
to the decline in the quality of life of these patients. Therefore, it is important 
that the therapeutic approach of patients with SCI includes a personalized 
neuropsychological assessment that evaluates all domains of cognition.
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