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Abstract  
The currently recommended management for acute traumatic spinal cord injury aims 
to reduce the incidence of secondary injury and promote functional recovery. Elevated 
intraspinal pressure (ISP) likely plays an important role in the processes involved in 
secondary spinal cord injury, and should not be overlooked. However, the factors and 
detailed time course contributing to elevated ISP and its impact on pathophysiology after 
traumatic spinal cord injury have not been reviewed in the literature. Here, we review 
the etiology and progression of elevated ISP, as well as potential therapeutic measures 
that target elevated ISP. Elevated ISP is a time-dependent process that is mainly caused 
by hemorrhage, edema, and blood-spinal cord barrier destruction and peaks at 3 days 
after traumatic spinal cord injury. Duraplasty and hypertonic saline may be promising 
treatments for reducing ISP within this time window. Other potential treatments such 
as decompression, spinal cord incision, hemostasis, and methylprednisolone treatment 
require further validation. 
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Introduction 
In recent years, the number of patients with traumatic spinal cord 
injury (tSCI) has remained high due to the high incidence of traffic 
injuries and injuries caused by falling from a height. tSCI often 
causes long-lasting and irreversible changes in sensory, motor, and 
autonomic function, but also leads to reduced quality of life and 
increased paralysis and mortality rates (Hagen et al., 2010; Parra-
Villamar et al., 2021; Zhang et al., 2021). An estimated 40 people 
per million per year are affected by tSCI in the United States alone 
(Cripps et al., 2011), and tSCI has become a serious social problem. 
However, no widely accepted therapeutic methods are available to 
attenuate and reverse tissue injury and enhance functional recovery 
after severe tSCI. The primary reasons for the poor understanding of 
tSCI and the failure to develop effective treatments are the complex 
characteristics of, pathophysiological consequences of, and abundant 
inconsistencies in, outcomes after tSCI. A deeper understanding of 
the pathophysiological mechanisms that lead to the damage seen 
following tSCI is required. 

Studies have shown that tSCI involves both the primary injury caused 
by immediate violence and the secondary injury process caused 
by amplification of a cascade of multiple cellular and molecular 
sequelae; the secondary injury process is considered to be reversible, 
and thus is frequently regarded as a potential therapeutic target. 
The trigger point of secondary injury is hemorrhage caused by 
destruction of the vascular structures associated with compression, 
laceration, distraction, and shearing forces (Leonard et al., 2015; 
Anjum et al., 2020); red blood cell leakage and invasion of various 
inflammatory cells (neutrophils, monocytes, macrophages, and 
T and B lymphocytes) are caused by disruption of the blood-
spinal cord barrier (BSCB) membrane structure (Jin et al., 2021). 
Subsequently, multicellular and multimolecular interactions lead to 
a Na+/K+ ionic imbalance and increased calcium influx, free radical 

production, excitotoxicity, and glutamate accumulation. All of these 
factors result in vasogenic edema and cell cytotoxic edema (Figure 
1) (Vanzulli and Butt, 2015; Alizadeh et al., 2019). Hematoma and 
edema lead to swelling of the contused spinal cord and may block 
normal cerebrospinal fluid flow (Jones et al., 2012). The swollen 
cord is compressed against the relatively noncompliant dura, leading 
to elevated intraspinal pressure (ISP) (Maikos et al., 2008). This 
elevated ISP can have a tamponade effect on the spinal vasculature, 
initially limiting venous outflow from the spinal cord and ultimately 
exacerbating the blood supply to the spinal cord parenchyma. 
Spinal cord hypoperfusion and ischemia further cause cytotoxic and 
vasogenic edema (Anjum et al., 2020). These molecular chemical 
events eventually lead to a vicious cycle of “ischemia, edema, 
elevated ISP, ischemia” and sustained elevation of ISP (Figure 1), 
which has been documented in rats, pigs, and humans (Werndle et 
al., 2014; Khaing et al., 2017; Streijger et al., 2017). Cao et al. (2015) 
described these symptoms as “spinal compartment syndrome (SCS)”.

tSCI can be thought of as being analogous to traumatic brain injury 
(TBI), and increased intracranial pressure (ICP) following TBI yields 
detrimental outcomes. Indeed, for TBI patients, specific clinical 
guidelines have been proposed to strengthen the monitoring of ICP 
and oxygen partial pressure in brain tissue (using a multimodality 
monitoring device) in combination with craniectomy decompression 
(with durotomy), internal decompression (partial resection of 
nonfunctional brain tissue), and pharmacological therapy with the 
goal of reducing ICP and maintaining adequate perfusion to alleviate 
secondary injury to the brain tissue (Padayachy et al., 2010; Narotam 
et al., 2014; Carney et al., 2017). This treatment paradigm has 
resulted in a 50% reduction in mortality and morbidity and significant 
improvements in clinical outcomes for TBI patients (Miller et al., 
1981). Decompression surgery of the bony canal with laminoplasty 
or laminectomy within 24 hours following injury results in a minor 
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decrease in ISP (Ghasemi and Behfar, 2016; Aarabi et al., 2019). 
However, this type of surgery does not sufficiently alleviate elevated 
ISP caused by dural compression (Werndle et al., 2014; Phang et 
al., 2015a), which leads to persistent spinal hypoperfusion and 
secondary injury progression in tSCI patients. Here, we review recent 
developments regarding the components and pathophysiological 
mechanisms associated with elevated ISP and the potential 
contribution to the secondary damage caused by elevated ISP. 

Literature Search
In this narrative review, an electronic search was performed 
using the Web of Science and PubMed databases to identify 
any studies published before May 2021. The Medical Subject 
Headings (MeSH) that were used in the search included “intraspinal 
pressure, intramedullary pressure, intrathecal pressure, spinal cord 
compartment syndrome, edema, spinal cord injury, blood spinal cord 
barrier, hemorrhage, and hematoma”. The references in the studies 
obtained from this search were also manually screened to identify 
any other relevant studies. The identified articles were then used to 
conduct our review.

Components Causing Elevated Intraspinal 
Pressure
Hemorrhage and hematoma
Mechanical disruption of the microvasculature causes initial 
bleeding following primary tSCI. Subsequently, secondary petechial 
hemorrhage formation occurs in the spinal parenchyma surrounding 
the primary lesion, and these hemorrhages have been shown to be 
related to aggravation of the lesion (Gerzanich et al., 2009). Spinal 
cord hemorrhage was found in 85% of subjects with complete 
motor deficits and 21% of subjects with incomplete motor injuries 
(Flanders et al., 1996). Furthermore, blood infiltration caused by 
destruction of the BSCB is an important cause of hematoma in the 
spinal parenchyma. Petechial hemorrhage is thought to be one of 
the triggers of secondary tSCI (Fleming et al., 2006), leading to toxic 
events including elevated thrombus formation, increased extracellular 
glutamate levels, iron toxicity, and red blood cell lysis (Hua et al., 
2006; Wagner et al., 2006). Leonard et al. (2015) demonstrated 
that hemorrhage significantly increased at 5 hours after tSCI and is 
the major contributor to lesion volume. Weirich et al. (1990) found 
scattered hemorrhages in spinal gray matter at 2 hours after injury 
that quickly spread and reached their peak at 12 hours. Zhang et al. 
(2019) found that hemorrhage was most severe at 1 hour post-spinal 
cord injury (SCI) and then gradually decreased. Therefore, volumetric 
expansion caused by hemorrhage and hematoma may contribute to 
the early increase in ISP (Leonard et al., 2015). 

Intramedullary hemorrhage could also cause secondary damage by 
direct compression of adjacent structures with a downstream mass 
effect, and by vasospasm caused by microvascular exposure to the 
degradation products of heme (an effective oxidant, even at low 
molecular concentrations) (Regan and Panter, 1993; Regan and Guo, 

1998). These events, combined with intravascular microthrombosis, 
are thought to contribute to reduced blood flow and exacerbated 
ischemia (Tator and Fehlings, 1991). Low blood flow perfusion will 
result in different levels of insult to gray and white matter, which may 
lead to delayed cell death. Owing to the high metabolic demands of 
neurons, the gray matter is particularly sensitive to ischemic injury.

Blood-spinal cord barrier disruption 
The BSCB is formed by a significant difference in structure between 
the spinal cord and peripheral vasculature. Endotheliocytes, 
intercellular connections, pericytes, the basement membrane, and 
astrocytic foot process cells and structures, which form the BSCB, are 
responsible for regulating molecular exchanges and protecting the 
spinal parenchyma from toxins of the BSCB (Jin et al., 2021). Among 
these elements, endotheliocytes play a key barrier role because 
of their nonfenestrated cell membranes, high level of cytosolic 
mitochondria, absence of pinocytic vacuoles, and formation of tight 
and adherens junctions (Bartanusz et al., 2011). 

Although the structures of the BSCB and blood-brain barrier (BBB) 
are analogous, the permeability of the BSCB is different from that 
of the BBB. Research based on assessing the uptake of radioactive 
tracers in the central nervous system (CNS) showed that the BSCB 
is more permeable than the BBB (Prockop, 1995). A study by Pan 
et al. (1997) suggested that the cervical region had the highest 
permeability for radiolabeled interferons (interferons α and γ and 
tumor necrosis factor α), while the permeability was lowest in the 
brain region. Interestingly, any given region exhibited different 
levels of permeability for different cytokines, and this selective 
permeability may contribute to complex CNS injuries (Daniel et al., 
1981). The destruction of the BSCB is accompanied by abnormal 
leakage of blood-borne molecules and cells, albumin dextran, and 
water molecules and infiltration of immune cells into the spinal cord 
parenchyma, which leads to vasogenic edema, reactive astrogliosis, 
demyelination, and scar formation (Wagner and Stewart, 1981; 
Ankeny and Popovich, 2009). 

Goodman et al. (1976) demonstrated that endothelial tight 
junctions in the gray matter were impaired as early as 15 minutes 
following primary injury. Matsushita et al. (2015) used imaging and 
spectrophotometric quantification of Evans blue (EvB) content to 
show that the permeability of the BSCB was greatly increased at 1 
and 3 days post-injury in the injury epicenter of a contused SCI model 
and reached the peak at 1–2 weeks; however, the permeability began 
to increase at 2 weeks after SCI in rostral and caudal segments and 
peaked at 6 weeks, leading to a biphasic increase in total permeability 
and leakage lasting until the 10th week after SCI (Matsushita et al., 
2015; Morita et al., 2016). This phenomenon may be explained 
by the delayed degeneration of ascending and descending tracts 
after SCI, which may be related to the increased permeability of the 
vasculature far from the injured epicenter or the self-repair process 
of the vasculature (Matsushita et al., 2015). Abnormal permeability 
was shown to be persistently high for at least 28 days based on C14-
marked acid testing (Popovich et al., 1996), whereas horseradish 
peroxidase testing indicated that it was restricted to the first 2 weeks 
after injury (Noble and Wrathall, 1987, 1988). This difference may be 
due to variation in the BSCB permeability for molecules of different 
sizes.

Edema 
Spinal cord edema includes cytotoxic (cell swelling) and vasogenic 
(leaky capillaries) edema characterized by excessive accumulation 
of water intracellularly and interstitially in tissue. Cytotoxic edema is 
mainly due to Na+/K+ ionic imbalance, increased calcium influx, free 
radical production, excitotoxicity caused by blood cell infiltration, 
ischemia, and hypoxia (Alizadeh et al., 2019). Angiogenic edema is 
mainly related to the disruption of the BSCB, leading to leakage of 
water molecules, albumin, and dextran. Furthermore, accumulating 
evidence has shown that AQP4, a molecular water channel that 
is expressed at high levels in astrocytic endfeet in the spinal cord, 
which are triggered by posttraumatic ischemia (Frigeri et al., 1995; 
Nielsen et al., 1997; Nesic et al., 2010), is the main regulator of water 
flow into and out of the injured cord and can cause vasogenic (Kimura 
et al., 2010) and cytotoxic edema (Saadoun et al., 2008). 

To date, several studies have reported that excessive AQP4 
expression within 72 hours of tSCI is associated with increased 
spinal edema (Liu et al., 2015; Yu et al., 2015), and that decreased 
AQP4 function correlates with improved functional recovery after 
tSCI (Jing et al., 2014; Sato et al., 2014; Hu et al., 2015). Spinal cord 

Figure 1 ｜ Pathophysiological mechanism of spinal compartment 
syndrome (SCS). 
BSCB: Blood-spinal cord barrier; ISP: intraspinal pressure; SCPP: spinal cord 
perfusion pressure.
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edema starts as early as 30 sec after injury, markedly increases within 
several minutes, peaks at 24 hours, and lasts up to 15 days (Nolan, 
1969; Demediuk et al., 1987, 1990; Lemke et al., 1987; Lemke and 
Faden, 1990). However, in a rat model of severe thoracic contusion 
SCI, researchers demonstrated that the water content of the spinal 
cord was significantly elevated as early as 1 hour post-injury, peaked 
at 72 hours, with a value of 78.7 ± 0.67%, and remained elevated 28 
days after injury (Hale et al., 2020). The reasons for this difference 
may depend on the species selected, the SCI model used, and the 
experimental time points chosen.

Edema formation was most prominent in the gray matter. The study 
demonstrated that the volume of edema and swelling increased by 
127% in the gray matter near the impact site, but only by 24% in the 
white matter, 1 hour post-injury in a cat model tested using a specific 
gravity gradient column (Anderson and Hall, 1993; Sharma, 2005). 
Owing to confinement by the noncompliant dura mater, the swelling 
spinal cord herniates cranially and caudally along the midline of the 
posterior funiculi (Tomko et al., 2017). This leads to the edematous 
region comprising not only the lesion site but also the adjacent 
segments.

Research has suggested that, at segments 5 mm rostral or caudal to 
the lesion epicenter, the water content of the spinal cord is elevated 
1 day post-injury, peaks at 72 hours, and returns to baseline by 7 days 
after SCI (Hale et al., 2020). Interestingly, the caudal segments had 
more pronounced edema development than the rostral segments, 
related to the release of neurochemicals, as well as BSCB breakdown 
following SCI influenced edema formation (Sharma, 2005). 
Additionally, Leonard et al. (2015) suggested that intraparenchymal 
hemorrhage was the primary cause of elevated ISP within 5 h post-
injury, whereas edema became the primary cause of elevated ISP at 
3–7 days in a balloon compression model in rabbits.

Dura and pia mater 
Analogous to the closed spaces that contribute to TBI and 
osteofascial compartment syndrome, the tough and nondilated 
dura mater is the basis of maintaining elevated ISP. Studies have 
shown that ISP remains high after only anterior and posterior bony 
decompression (Werndle et al., 2014; Saadoun and Papadopoulos, 
2020), and spinal cord herniation occurred immediately after the 
dura was opened in a dog model (Saadoun and Jeffery, 2021) and 
in a patient with traumatic thoracic SCI (Grassner et al., 2017). 
In a prospective clinical trial, bony supplementary dura mater 
decompression significantly reduced ISP and increased spinal cord 
perfusion pressure (SCPP) compared with bony decompression alone 
(Phang et al., 2015a). These results suggest that the dura contributes 
to cord compression.

The role of the relatively firm pia mater in elevated ISP, however, 
remains controversial. In patients with severe tSCI, the swollen spinal 
cord dilated and occluded the subarachnoid space after adequate 
bone decompression on MRI (Aarabi et al., 2019). Furthermore, 
simultaneously measured pressures in the subarachnoid space 
and spinal parenchyma were elevated and equal (Phang and 
Papadopoulos, 2015b). These findings suggest that, after severe 
tSCI in humans, the pia mater no longer confined the swollen spinal 
cord. However, in a rabbit model of compressive SCI, durotomy 
with myelotomy significantly reduced ISP and improved histological 
outcomes compared with durotomy without myelotomy (Khaing 
et al., 2021). This result suggests that the pia mater may restrict 
spinal cord expansion and increase pressure within the spinal cord 
parenchyma.

Epidural components
In addition to intradural factors, the contribution of epidural 
components, including the narrow bony spinal canal, ossified 
ligamentum flavum, posterior longitudinal ligament, and herniated 
intervertebral disc, to elevated ISP should not be ignored. These 
components often cause dural sac compression and cerebrospinal 
fluid circulation block as shown by T2-weighted MRI, especially in 
some elderly patients with traumatic cervical SCI. Although there 
is no pressure-monitoring comparison for this type of patient, 
some studies have shown that early epidural decompression can 
achieve significant radiological results and functional recovery for 
such patients, which may indicate that epidural decompression can 
partially reduce ISP (Piazza et al., 2018; Aarabi et al., 2019).

Monitoring intraspinal pressure 
Elevated ISP monitoring was first mentioned by Allen in 1991 and 

was first used in a dog model in 1995 and in human patients in 
2014. Since then, 50 related articles have been published (Figure 2), 
including 16 animal studies, 23 clinical studies, eight reviews, and 
three case reports. In particular, the Saadoun and Papadopoulos 
teams from London University have published 46 articles pertaining 
to this research field, including one animal study, 18 clinical studies, 
and four reviews. 

Elevated ISP was first mentioned by Allen (Figure 2), who described 
how, after a median longitudinal incision was made after the early 
stage of tSCI in dogs, there was “great outpouring of blood from the 
injured area”. Furthermore, he reported that, in a patient with tSCI 
who underwent surgery 4 hours after injury, “when the spinal cord 
was incised, the blood spurted out as if subjected to great pressure” 
(Allen, 1911). The first use of ISP monitoring was in a hybrid dog 
model and reported a physiological ISP of 30 ± 12 mmHg at C5 (Iida 
and Tachibana, 1995). Saadoun et al. (2008) used a Millar pressure 
catheter to show that the normal intramedullary pressure was 8 
± 3 mmHg at the T6 level in mice. Later, Soubeyrand et al. (2013) 
inserted a pressure transducer catheter into the sacral subarachnoid 
space of rats and found that the ISP was 5.5 ± 0.5 mmHg in normal 
rats vs. 8.6 ± 0.4 mmHg in rats with a contusion at T10. In addition, 
they demonstrated that the ISP increased when the head was 
elevated (Soubeyrand et al., 2013).

Subsequently, in a clinical study, Werndle et al. (2014) reported 
an elevated ISP of approximately 20 mmHg at 24 hours following 
injury compared with approximately 10 mmHg in control patients 
without spinal cord pathology measured by Codman probe 
monitoring. They suggested that ISP waveforms are similar to ICP 
waveforms, which are comprised of three peaks corresponding to 
arterial pulsation, intracranial compliance, and aortic valve closure 
(Table 1) (Werndle et al., 2014; Saadoun and Papadopoulos, 2016). 
Furthermore, the researchers found four compartments at the injury 
epicenter, including three subdural compartments (the injury site 
and cerebrospinal fluid (CSF) above and below the injury) and one 
extradural compartment (Werndle et al., 2014). The ISP at the injury 
site was higher than the pressure simultaneously recorded in the 
extradural compartment or from the CSF below the compartment 
(Werndle et al., 2014; Phang and Papadopoulos, 2015). The 
authors suggested that the pressure exerted by the swollen injured 
cord against the dura was different from the pressure exerted 
on the CSF and extradural compartment (Werndle et al., 2014). 
However, the pressures in the subarachnoid space can approximate 
intraparenchymal spinal pressures only when the severely contused 
spinal cord swells and occludes the subarachnoid space (Phang et al., 
2015). Under physiological conditions and in the context of mild SCI, 
the use of subarachnoid pressure to estimate parenchymal pressure 
may underestimate the intraparenchymal pressure where CSF fills 
the subarachnoid space (Mendelow et al., 1983; Ostrup et al., 1987). 
In humans, the sagittal diameter of the subarachnoid space is, on 
average, 5.5 ± 0.2 mm in the cervical spine (Ulbrich et al., 2014) and 
7.6 ± 0.2 mm in the thoracic spine (Gellad et al., 1983). Obliteration 
of the subarachnoid space requires expansion of the cervical spinal 
cord diameter by approximately 72.2% (Ulbrich et al., 2014) and of 
the thoracic spinal cord diameter by approximately 124.1% (Gellad 
et al., 1983). The degree of spinal cord swelling corresponds to 
injury severity (Jones et al., 2012). Additionally, ISP monitoring is 
an invasive operation that needs to be performed in the operating 
room; currently, it cannot be performed in patients through lumbar 
puncture.

Studies have shown that elevated ISP is mainly influenced by 
hemorrhage and edema in a time-dependent manner. According to 
a closed balloon compression study in rabbits, elevated ISP is initially 
driven by hemorrhagic components, whereas edema becomes 
the primary contributor 3 days post-injury (Leonard et al., 2015). 
The authors found that ISP began to rise at 5 hours (7.36 ± 0.79 
mmHg), reached a peak at 3 days (9.00 ± 1.32 mmHg), and gradually 
decreased at the first week post-injury, whereas pressures remained 
elevated compared with those in sham-operated animals (2.59 ± 1.01 
mmHg), as determined by Codman probe assessment (Leonard et al., 
2015). Khaing et al. (2017) found that, in a moderate contusion SCI 
rat model assessed using a 1 F Millar pressure probe, ISP increased 
three-fold 30 minutes after injury (from 2.7 ± 0.5 mmHg to 8.9 ± 1.1 
mmHg) and remained elevated (4.3 ± 0.8 mmHg) for 7 days (Khaing 
et al., 2017). Using the same model and monitoring instruments, 
Dong et al. (2016) found that intramedullary pressure curves were 
bimodal over time in the mild and moderate injury groups, peaking 
at 1 hour (12.51 ± 2.32 mmHg and 22.36 ± 4.39 mmHg) and 48 hours 
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(16.97 ± 4.33 mmHg and 21.73 ± 7.73 mmHg) after SCI, whereas the 
pressure curve in the severe group was relatively flat (Dong et al., 
2016). The intramedullary pressure was positively correlated with 
the degree of injury (Dong et al., 2016). In a recent rabbit model of 
aneurysm clip injury assessed using a telemetry system, Zhang et 
al. (2019)  found that changes in ISP were divided into three stages: 
stage I (steep rise) from 1 to 7 hours, stage II (steady rise) from 8 to 
38 hours, and stage III (descending) from 39 to 72 hours, peaking 
at 38 hours. They found that ISP in conscious rabbits (sham group: 
5.93 ± 1.28; SCI group: 7.96 ± 2.01 mmHg) was higher than that in 
anesthetized rabbits (sham group: 3.43 ± 1.33 mmHg; SCI group: 5.76 
± 1.80 mmHg), and that different probe insertion angles (30°, 45°, 
and 90°) had no influence on ISP (Table 2). We propose that these 
differences could be attributable to the physiological and anatomical 
differences between different species; different types, segments, and 
severities of injury; and different measurement methods. 

Elevated ISP impairs vascular autoregulation and decreases perfusion 
of the contused spinal cord (Soubeyrand et al., 2013). Analogous 
to brain perfusion, SCPP is computed as the mean arterial pressure 
(MAP) minus ISP. The effect of elevated ISP on spinal cord blood 
flow (SCBF) is usually attributed to a tamponade effect on the small 
vessels. This suggests the concept of spinal compartment syndrome, 
analogous to osteofascial compartment syndrome in the leg (Bourne 
and Rorabeck, 1989). In a clinical study, Werndle et al. (2014) found 
that, when the ISP increased by 10 mmHg, the SCBF compensatory 
reserve became exhausted, and that increases by 15–20 mmHg 
led to progressive loss of autoregulation. Ischemia and hypoxia 
are major contributors to secondary injury that worsen spinal cord 
edema and lead to a vicious cycle of “ischemia, edema, elevated ISP, 

and ischemia”. Owing to dural restriction, elevated ISP can spread 
only rostrocaudally. Tomko et al. (2017) found that, in a rat balloon 
compression model, there was a quiescent phase lasting at least 1 
hour, followed by significant enlargement of the lesion; the length 
of the lesion increased from 15 to 40 mm between 1 and 48 hours, 
and the spindle-shaped lesion formation was driven by increased 
ISP. Furthermore, after tSCI, patients exhibit excessive spreading of 
T2 signals to more than four rostral segments. This condition is also 
known as subacute post-traumatic ascending myelopathy and is 
unrelated to syrinx formation or mechanical instability (Miller et al., 
2016).

ISP can be accurately measured, and ISP fluctuations visualized, 
in rats and rabbits after tSCI using microsensor and telemetry 
monitoring systems (Table 2). Studies have shown that elevated ISP 
is mainly caused by hemorrhage, edema, and BSCB destruction in a 
time-dependent manner. However, most of the SCI models used in 
these studies involve inducing contusion injury to the spine using a 
weight-drop device or impactor after laminectomy, which opens the 
spinal canal, leaving it decompressed. Thus, these SCI models do not 
truly reflect patient injuries, and better animal models are needed 
for future studies.

Therapies Based on Elevated ISP 
In this section, we will summarize the current state of therapeutic 
strategies, including surgical and nonsurgical interventions that 
target elevated ISP after tSCI (Figure 2). The experimental and clinical 
studies reviewed above showed that ISP reaches maximal levels 
within 3 days after injury, suggesting that there may be a substantial 

Figure 2 ｜ Timeline of ISP 
monitoring use in research. 
ICP: Intracranial pressure; 
ISP: intraspinal pressure; 
MR: magnetic resonance; 
SCPP: spinal cord perfusion 
pressure.

Table 1 ｜ A summary of ISP monitoring in clinical studies

Study Study design
Patients 
recruited (n) Description of study Conclusion

Werndle et al., 
2014

Observational 
study

18 Developed a technique for continuously 
monitoring ISP at the injury site after tSCI.

ISP at the injury site can be measured safely after tSCI.

Phang et al., 2015 Prospective 
study

21 Investigated the effect of laminectomy and 
duroplasty in patients with tSCI.

Duroplasty improved the radiological parameters and ISP in 
a more efficacious manner than removal of lamina alone.

Varsos et al., 2015 Observational 
study

18 Analyzed ISP waveform in patients with 
severe tSCI.

Morphological and spectral similarities were found between 
ISP in tSCI and ICP.

Phang et al., 2016 Observational 
study

42 Investigated the accuracy of ISP probe 
placement and the safety of the technique.

The pressure probe is accurate and ISP monitoring is safe for 
up to a week. Supine position should be avoided in patients 
with laminectomy to prevent rises in ISP.

Hogg et al., 2019 Observational 
study

64 Tnvestigated the clinical and MRI features 
for predicting ISP and optimum SCPP in 
tSCI patients.

Elevated ISP can be predicted by clinical factors. Reducing 
surgical bleeding and performing expansion duroplasty may 
reduce ISP.

Hogg et al., 2021 Observational 
study

19 Tnvestigated the correlations between ISP, 
SCPP and limb power in tSCI patients.

Motor score versus ISP and SCPP had exponential decay 
(ISP rise to 20 mmHg was associated with drop of 11 motor 
points) and linear relation (1.4 motor point rise/10 mmHg 
rise in SCPP), respectively.

ICP: Intracranial pressure; ISP: intraspinal pressure; SCPP: spinal cord perfusion pressure; TBI: traumatic brain injury; tSCI: traumatic spinal cord injury.
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window of opportunity for therapeutic intervention to reduce 
this pressure. The role of surgical and nonsurgical interventions in 
reducing ISP is discussed below.

Osseous decompression
Numerous clinical studies of tSCI have suggested that early surgical 
decompression may improve neurological and functional outcomes 
(Furlan et al., 2011; Jug et al., 2015). These beneficial effects are 
partially due to extensive osseous decompression of the spinal cord, 
which should theoretically improve SCBF. In a recent study, Piazza 
et al. (2018) reported that posterior laminectomy results in better 
radiological decompression of the posterior CSF space than anterior 
cervical discectomy. Aarabi et al. (2119) demonstrated that the rates 
of radiological decompression in patients who underwent anterior 
discectomy and corpectomy without laminectomy were 46.8% and 
58.6%, but in those in patients who underwent laminectomy at one, 
two, three, four, and five levels were 58.3%, 68%, 78%, 80%, and 
100%, respectively.

The effect of bone decompression alone has, however, been 
questioned and some researchers doubt that it can reduce ISP and 
improve SCBF. After sufficient decompression of the spinal cord 
through laminectomy, no CSF was present between the edematous 
spinal cord and dura on MRI (Werndle et al., 2014). This result 
suggests that, despite sufficient bony decompression, the edematous 
spinal cord still exerts pressure against the nonyielding dura mater, 
causing sustained elevated ISP and low spinal perfusion. In an 
exploratory clinical study, SCPP after sufficient bony decompression 
alone was less than 60 mmHg approximately 40% of the time, which 
is likely to cause spinal ischemic damage (Phang et al., 2015a). 
RCTs and animal experiments with ISP monitoring are needed to 
assess whether bone decompression alone improves physiological 
parameters and functional outcomes.

Durotomy, duraplasty, and myelotomy 
Recommended management of TBI involves reducing ICP by 
decompressive craniectomy, during which part of the skull is 
removed, and the dura is opened to allow outward herniation of the 
brain. Similarly, opening the dura to allow the spinal cord to expand 
is important in tSCI treatment. Perkins and Deane (1988) performed 
durotomies in six patients with tSCI in whom the dura appeared 
tense after bony decompression. Three patients had a complete 
recovery, and three had a partial recovery. In stretched ex vivo pig 
spinal cords, durotomy reduced ISP from 35 to 10 mmHg (Awwad et 
al., 2014). In a rat weight-drop SCI study, duraplasty resulted in more 
white matter sparing than laminectomy alone (Jalan et al., 2017). In 
a study of 21 patients with cervical or thoracic tSCI, Phang et al. (2015) 
found that duraplasty reduced ISP by 12.7 ± 0.4 mmHg and increased 
SCPP to less than 60 mmHg for less than 5% of the time, compared 
with laminectomy alone (18.0 ± 0.5 mmHg and approximately 40% 

of the time). Follow-up data suggested a tendency toward greater 
improvement in American Spinal Cord Injury Association scores, 
walking, and bladder function in patients who underwent durotomy 
and duraplasty compared with patients who underwent laminectomy 
only (Phang et al., 2015a). The expansion duraplasty took 10–15 
minutes to perform and had fewer complications, such as CSF 
leakage, pseudomeningocele, and CNS infection. The above studies 
show that opening the dura after tSCI is beneficial for humans and 
animals.

Whether durotomy requires duraplasty has also attracted 
researchers’ attention. A comparison of durotomy with duraplasty 
in rat contusion (Smith et al., 2010; Zhang et al., 2016) and 
compression (Fernandez and Pallini, 1985) SCI models suggested that 
better functional recovery and reduced lesion volume were obtained 
through duraplasty, as this procedure led to less inflammation, 
collagen scarring, and spinal cord cavitation. Duraplasty is beneficial 
after durotomy because duraplasty reduces the risk of CSF leakage 
and wound infection. Furthermore, maintaining the continuity 
of the dura following durotomy maintained a pattern of CSF flow 
closer to physiological conditions and prevented extradural factors 
from inhibiting neuroregeneration and promoting inflammation 
(Iannotti et al., 2006). An RCT investigating the effects of duraplasty 
is currently underway at the University of London (ClinicalTrials.gov 
identifier: NCT04936620).

Owing to the possible contribution of the pial lining to elevated ISP, 
myelotomy as a treatment for tSCI has been the topic of several 
animal studies. In a rodent model of moderate contusion SCI, 
piotomy contributed to 53.5% of the pressure reduction during 
the acute phase, whereas it contributed only 14.6% during the 
subacute phase of the injury (Khaing et al., 2017). This suggests that 
early myelotomy may be more effective in promoting functional 
recovery of the spinal cord. Furthermore, in a similar SCI model, the 
researchers found that durotomy plus myelotomy more effectively 
mitigated elevated ISP (3.14 ± 0.40 mmHg) than durotomy alone 
(4.17 ± 0.30 mmHg) at 3 days post-injury and significantly promoted 
recovery of hindlimb locomotor function by facilitating tissue sparing 
(Table 2) (Khaing et al., 2021). This study reported an interesting 
phenomenon in which durotomy alone led to increased recovery of 
bladder function compared with durotomy plus myelotomy, which 
may explain why surgical opening of the pia, involving additional 
disruption of the injury core, resulted in irritation of the spinal cord, 
leading to transient urinary retention in animals that underwent 
durotomy and myelotomy. 

A review study revealed that durotomy implemented in tSCI patients 
resulted in improved neurological function in 92.3% of studies, while 
durotomy in animals resulted in improved neurological function in 
83.3% of studies. However, although myelotomy procedures had 
positive effects in 80% of animal studies, only one clinical study 

Table 2 ｜ A summary of ISP monitoring in animal studies

Study Animals
Modeling 
method Pressure probe Description of study Conclusion

Soubeyrand 
et al., 2013

Rats Contusion at 
T10

Truwave pressure 
transducer PX600

Investigated the CSF pressure via a sacral 
catheter and its relationships with SCBF.

After SCI, CSF pressure significantly increased and SCBF 
significantly decreased.

Leonard 
et al., 2015

Rabbits Balloon 
compression 
at T10

Codman Investigated the temporal profile of 
raised ISP in relation to hemorrhage and 
edema development.

Raised ISP was initially driven by volumetric increases in 
hemorrhage, whilst edema became the primary driver at 
3 days post-injury.

Dong et al., 
2016

Rats Contusion at 
T10

Millar Investigated the change of 
intramedullary pressure over time 
after different degrees of SCI and the 
correlations between intramedullary 
pressure and serious injury.

In mild and moderate SCI, the intramedullary pressure 
fluctuated with time and peaked at 1 and 48 hours 
after injury. In severe SCI, the intramedullary pressure 
remained high. The more serious the injury, the higher 
the intramedullary pressure.

Khaing et al., 
2017

Rats Contusion at 
T7

Millar Investigated the temporal and spatial 
patterns of elevated ISP following a 
moderate SCI.

ISP increased threefold 30 minutes following injury and 
remained elevated for up to 7 days. ISP was likely to have 
detrimental effects on spontaneous recovery after SCI.

Zhang et al., 
2019

Rabbits Aneurysm 
clip 
compression 
at T10

Telemetry systems Investigated the dynamic changes of ISP 
in 72 hours following SCI.

The dynamic changes of ISP were divided into steep rise, 
steady rise and descending stages. The main cause of 
the elevated ISP was severe bleeding in steep rise stage, 
and edema and blood-spinal cord barrier destruction in 
steady rise and descending stages.

Khaing et al., 
2021

Rats Contusion at 
T8

Millar Investigated the histological and 
functional effects of durotomy alone 
and durotomy and myelotomy in 
combination.

Durotomy combined with myelotomy facilitated tissue 
sparing and recovery of locomotor function following 
acute SCI.

CSF: Cerebrospinal fluid; ISP: intraspinal pressure; SCBF: spinal cord blood flow; SCI: spinal cord injury. 
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reported positive results in patients (Telemacque et al., 2020). On 
the basis of these studies, the functional advantage of implementing 
durotomy plus myelotomy remains unclear, and there is some 
concern that myelotomy may itself cause spinal cord damage in 
humans. However, in a recent clinical study of 19 participants with 
complete thoracic tSCI, the American Spinal Injury Association 
impairment scale (AIS) grade conversion rate exceeded that of 
historical controls at the 6-month follow-up after myelotomy and 
implantation of a neuro-spinal scaffold (NSS) (Kim et al., 2021). 
Because there was no control group for myelotomy alone in this 
study, the therapeutic effect may have been attributable to the 
myelotomy rather than the implanted bioresorbable polymer 
materials.

CSF drainage 
The benefit of CSF drainage in the treatment of tSCI is controversial. 
Theoretically, elevated ISP can be alleviated by reducing the contents 
of the spinal canal (CSF), similar to treatment for TBI. In aortic 
cross-clamping SCI, CSF drainage significantly improved SCBF and 
decreased the rate of paraplegia resulting from spinal cord ischemia 
(Bower et al., 1989; Griepp and Griepp, 2007). In a rabbit SCI model, 
early CSF drainage through a lumbar catheter resulted in a decrease 
in the size of histological lesions post-SCI (Horn et al., 2008). 
Furthermore, some researchers have suggested that CSF leakage 
induced unintentionally when monitoring ISP reduces ISP. We believe 
that, if the dura remains intact, CSF drainage may improve CSF 
communication between the injury site and the upper and lower 
compartments, but that when the spinal cord is swollen and CSF flow 
is completely blocked, CSF drainage may not be effective.

Specific positions 
In patients who have undergone laminectomy, post-operative body 
positioning may have an important influence on ISP and SCPP. Owing 
to the lack of lamina protection and CSF buffering, external forces are 
transmitted to the swollen cord in the supine position, leading to an 
increase in ISP and a decrease in SCPP, and thus potentially inflicting 
spinal cord lesions (Werndle et al., 2014; Saadoun and Papadopoulos, 
2020). Phang et al. found that, in laminectomy patients, ISP was 
significantly increased in the supine position compared with the 
lateral position. The pressure difference was 8 mmHg after cervical 
laminectomy and up to 18 mmHg after thoracic laminectomy (Phang 
et al., 2016a). This is probably because, when the patient is supine, 
the cervical spinal cord is subjected to less compression due to the 
lordosis of the spinal column, whereas the kyphotic curve of the 
thoracic spinal column results in increased compression of the spinal 
cord in this region (Saadoun and Papadopoulos, 2016). Therefore, 
the authors suggested that, for the first 4 days post-operatively, 
patients should be cared for in the lateral or supine position, with a 
ring-shaped pillow used to protect the wound (Phang et al., 2015a). 
After 5 days, the supine position had no effect on ISP or SCPP.

Drug-mediated ISP reduction
Severe hemorrhage contributes to early increases in ISP, and 
therefore hemostasis has been attempted to treat tSCI in the early 
stage following injury. Indeed, studies have demonstrated that 
administration of glibenclamide after SCI can promote sparing of 
white matter tracts and improve behavioral outcomes by reducing 
hemorrhage (Simard et al., 2007; Popovich et al., 2012). After 
moderate contusion injury in rats, intraperitoneal injection of 
protocatechuic acid (PCA) and mithramycin A resulted in improved 
functional recovery by inhibiting BSCB disruption and hemorrhage 
(Lee et al., 2018; Park et al., 2019).

Hemorrhage is limited to the early stage of tSCI, whereas edema 
occurs throughout the entire duration of the secondary injury phase. 
Therefore, alleviating spinal cord edema has attracted the attention 
of many researchers. Hypertonic saline has been used to treat 
cerebral edema to reduce ICP after TBI (Ziai et al., 2007; Forsyth 
et al., 2008). More recent studies have attempted to establish 
an osmotic gradient between the intracellular and intravascular 
spaces with hypertonic saline to reduce ISP. Some studies have 
suggested that hypertonic saline therapy after tSCI can improve 
histopathological and behavioral outcomes (Tuma et al., 1997; Spera 
et al., 2000; Legos et al., 2001). Recently, Hale et al. (2020) used a 
surgically mounted osmotic transport device to continuously remove 
excess fluid at the site of injury throughout edema progression, 
which significantly improved recovery following contusion SCI.

The use  of  h igh  doses  of  methy lpredniso lone has  been 
recommended to reduce inflammation and glutamate release and 

ameliorate edema within the first 8 hours after injury (Fehlings et 
al., 2017), but this approach has been limited by complications 
(gastrointestinal hemorrhage and respiratory tract infection) and 
limited time windows. Furthermore, a recent meta-analysis found no 
significant difference between the methylprednisolone and control 
groups in terms of sensory scores and pooled motor function at the 
last follow-up (Liu et al., 2020). 

A possible explanation for this is the low permeation of drugs into 
the injury site when administer systemically. The disruption of the 
BSCB seen after acute tSCI allows drug entry into the injury site, 
but this entry is restricted by elevated ISP and low SCPP. One study 
reported that an increase in SCPP of 10 mmHg resulted in a threefold 
increase in dexamethasone penetration into the injury site, based on 
microdialysis monitoring (Phang et al., 2016b). Therefore, maximizing 
drug delivery to the injury site requires optimization of SCPP and 
individualized management of MAP and ISP, rather than following 
the recommended guidelines by maintaining the MAP at 85 to 
90 mmHg for 1 week after SCI (Phang et al., 2016b; Saadoun and 
Papadopoulos, 2016).

Limitations 
This review had several limitations. First, this is a nonsystematic 
review. Second, articles on using stem cell engineering and materials 
to improve edema and BSCB were not included. In the future, 
combining different treatment strategies may lead to a cure for SCI.

Conclusions 
In this article we reviewed the factors that increase ISP, as well as 
the impact of elevated ISP on pathophysiology after SCI. Therapeutic 
strategies, including both surgical and nonsurgical interventions, 
targeting elevated ISP after tSCI were also reviewed. Taken together, 
studies have shown that ISP increases to a maximal level within 3 
days after tSCI due to the contribution of hemorrhage and edema. 
Duraplasty and hypertonic saline may be promising treatments 
for reducing ISP within this time window. Other treatments, 
such as osseous decompression, myelotomy, hemostasis, and 
methylprednisolone, require further verification in animal studies 
and clinical RCTs. 

Acknowledgments: We would like to thank Ke Tang, The First Affiliated 
Hospital of Chongqing Medical University, for revising the manuscript. 
Author contributions: Manuscript design: QW, ZXQ, CHY; data collection: 
CHY, GJW, TH, ZYC and QCL; manuscript writing: CHY; manuscript revision and 
review: CHY, TH and JY. All authors approved the final version of the paper.
Conflicts of interest: The authors declare that there are no conflicts of 
interest associated with this manuscript. 
Open access statement: This is an open access journal, and 
articles are distributed under the terms of the Creative Commons 
AttributionNonCommercial-ShareAlike 4.0 License, which allows others 
to remix, tweak, and build upon the work non-commercially, as long as 
appropriate credit is given and the new creations are licensed under the 
identical terms.
©Article author(s) (unless otherwise stated in the text of the article) 2022. All 
rights reserved. No commercial use is permitted unless otherwise expressly 
granted.

References
Aarabi B, Olexa J, Chryssikos T, Galvagno SM, Hersh DS, Wessell A, Sansur C, 

Schwartzbauer G, Crandall K, Shanmuganathan K, Simard JM, Mushlin H, Kole 
M, Le E, Pratt N, Cannarsa G, Lomangino CD, Scarboro M, Aresco C, Curry B 
(2019) Extent of spinal cord decompression in motor complete (American 
spinal injury association impairment scale grades A and B) traumatic spinal cord 
injury patients: post-operative magnetic resonance imaging analysis of standard 
operative approaches. J Neurotraum 36:862-876.

Alizadeh A, Dyck SM, Karimi-Abdolrezaee S (2019) Traumatic spinal cord injury: 
an overview of pathophysiology, models and acute injury mechanisms. Front 
Neurol 10.

Allen AR (1911) Surgery of experimental lesions of spinal cord equivalent to crush 
injury of fracture dislocation of spinal column. A preliminary report. J Am Med 
Assoc 57:878-880.

Anderson DK, Hall ED (1993) Pathophysiology of spinal cord trauma. Ann Emerg 
Med 22:987-992.

Anjum A, Yazid MDI, Fauzi Daud M, Idris J, Ng AMH, Selvi Naicker A, Ismail OHR, 
Athi Kumar RK, Lokanathan Y (2020) Spinal cord injury: pathophysiology, 
multimolecular interactions, and underlying recovery mechanisms. Int J Mol Sci 
21:7533.



NEURAL REGENERATION RESEARCH｜Vol 17｜No. 8｜August 2022｜1709

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

Ankeny DP, Popovich PG (2009) Mechanisms and implications of adaptive immune 
responses after traumatic spinal cord injury. Neuroscience 158:1112-1121.

Awwad W, Bassi M, Shrier I, Al-Ahaideb A, Steele RJ, Jarzem PF (2014) Mitigating 
spinal cord distraction injuries: the effect of durotomy in decreasing cord 
interstitial pressure in vitro. Eur J Orthop Surg Traumatol 24 Suppl 1:S261-S267.

Bartanusz V, Jezova D, Alajajian B, Digicaylioglu M (2011) The blood-spinal cord 
barrier: morphology and clinical implications. Ann Neurol 70:194-206.

Bourne RB, Rorabeck CH (1989) Compartment syndromes of the lower leg. Clin 
Orthop Relat Res 240:97-104.

Bower TC, Murray MJ, Gloviczki P, Yaksh TL, Hollier LH, Pairolero PC (1989) Effects 
of thoracic aortic occlusion and cerebrospinal fluid drainage on regional spinal 
cord blood flow in dogs: correlation with neurologic outcome. J Vasc Surg 9:135-
144.

Cao X, Feng S, Fu C, Gao K, Guo J, Guo X, He X, Huang Z, Li Z, Liu L, Liu R, Lu H, Mei X, 
Ning B, Ning G, Qian C, Qin J, Qu Y, Saijilafu, Shi B, et al. (2015) Repair, protection 
and regeneration of spinal cord injury. Neural Regen Res 10:1953-1975.

Carney N, Totten AM, O’Reilly C, Ullman JS, Hawryluk GWJ, Bell MJ, Bratton SL, 
Chesnut R, Harris OA, Kissoon N, Rubiano AM, Shutter L, Tasker RC, Vavilala 
MS, Wilberger J, Wright DW, Ghajar J (2017) Guidelines for the management of 
severe traumatic brain injury, fourth edition. Neurosurgery 80:6-15.

Cripps RA, Lee BB, Wing P, Weerts E, Mackay J, Brown D (2011) A global map for 
traumatic spinal cord injury epidemiology: towards a living data repository for 
injury prevention. Spinal Cord 49:493-501.

Daniel PM, Lam D, Pratt OE (1981) changes in the effectiveness of the blood-
brain and blood-spinal cord barriers in experimental allergic encephalomyelitis-
possible relevance to multiple-sclerosis. J Neurol Sci 52:211-219.

Demediuk P, Lemke M, Faden AI (1990) Spinal cord edema and changes in tissue 
content of Na+, K+, and Mg2+ after impact trauma in rats. Adv Neurol 52:225-
232.

Demediuk P, Saunders RD, Anderson DK, Means ED, Horrocks LA (1987) Early 
membrane lipid changes in laminectomized and traumatized cat spinal cord. 
Neurochem Pathol 7:79-89.

Dong X, Yang D, Li J, Liu C, Yang M, Du L, Gu R, Hu A, Zhang H (2016) Intramedullary 
pressure changes in rats after spinal cord injury. Spinal Cord 54:947-950.

Fehlings MG, Wilson JR, Tetreault LA, Aarabi B, Anderson P, Arnold PM, Brodke 
DS, Burns AS, Chiba K, Dettori JR, Furlan JC, Hawryluk G, Holly LT, Howley S, Jeji 
T, Kalsi-Ryan S, Kotter M, Kurpad S, Kwon BK, Marino RJ, et al. (2017) A clinical 
practice guideline for the management of patients with acute spinal cord injury: 
recommendations on the use of methylprednisolone sodium succinate. Global 
Spine J 73:203S-211.

Fernandez E, Pallini R (1985) Connective tissue scarring in experimental spinal 
cord lesions: significance of dural continuity and role of epidural tissues. Acta 
Neurochir 76:145-148.

Flanders AE, Spettell CM, Tartaglino LM, Friedman DP, Herbison GJ (1996) 
Forecasting motor recovery after cervical spinal cord injury: value of MR 
imaging. Radiology 201:649-655.

Fleming JC, Norenberg MD, Ramsay DA, Dekaban GA, Marcillo AE, Saenz AD, 
Pasquale-Styles M, Dietrich WD, Weaver LC (2006) The cellular inflammatory 
response in human spinal cords after injury. Brain 129:3249-3269.

Forsyth LL, Liu-DeRyke X, Jr. Parker D, Rhoney DH (2008) Role of hypertonic saline 
for the management of intracranial hypertension after stroke and traumatic 
brain injury. Pharmacotherapy 28:469-484.

Frigeri A, Gropper MA, Turck CW, Verkman AS (1995) Immunolocalization of the 
mercurial-insensitive water channel and glycerol intrinsic protein in epithelial 
cell plasma membranes. Proc Natl Acad Sci U S A 92:4328-4331.

Furlan JC, Noonan V, Cadotte DW, Fehlings MG (2011) Timing of decompressive 
surgery of spinal cord after traumatic spinal cord injury: an evidence-based 
examination of pre-clinical and clinical studies. J Neurotraum 28:1371-1399.

Gellad F, Rao KC, Joseph PM, Vigorito RD. 1983. Morphology and dimensions of 
the thoracic cord by computer-assisted metrizamide myelography. AJNR. Am J 
Neuroradiol 4:614-617.

Gerzanich V, Woo SK, Vennekens R, Tsymbalyuk O, Ivanova S, Ivanov A, Geng Z, 
Chen Z, Nilius B, Flockerzi V, Freichel M, Simard JM (2009) De novo expression 
of Trpm4 initiates secondary hemorrhage in spinal cord injury. Nat Med 15:185-
191.

Ghasemi AA, Behfar B (2016) Outcome of laminoplasty in cervical spinal cord injury 
with stable spine. Asian J Neurosurg 11:282-286.

Goodman JH, Bingham WG, Hunt WE (1976) Ultrastructural blood-brain-barrier 
alterations and edema formation in acute spinal-cord trauma. J Neurosurg 
44:418-424.

Grassner L, Winkler PA, Strowitzki M, Bühren V, Maier D, Bierschneider M (2017) 
Increased intrathecal pressure after traumatic spinal cord injury: an illustrative 
case presentation and a review of the literature. Eur Spine J 26:20-25.

Griepp RB, Griepp EB (2007) Spinal cord perfusion and protection during 
descending thoracic and thoracoabdominal aortic surgery: the collateral 
network concept. Ann Thorac Surg 83:S865-S869.

Hagen EM, Lie SA, Rekand T, Gilhus NE, Gronning M (2010) Mortality after 
traumatic spinal cord injury: 50 years of follow-up. J Neurol Neurosurg Psychiatry 
81:368-373.

Hale C, Yonan J, Batarseh R, Chaar R, Jonak CR, Ge S, Binder D, Rodgers VGJ (2020) 
Implantable osmotic transport device can reduce edema after severe contusion 
spinal cord injury. Front Bioeng Biotechnol 8:806.

Hogg FRA, Gallagher MJ, Chen S, Zoumprouli A, Papadopoulos MC, Saadoun S 
(2019) Predictors of intraspinal pressure and optimal cord perfusion pressure 
after traumatic spinal cord injury. Neurocrit Care 30:421-428.

Hogg FRA, Kearney S, Zoumprouli A, Papadopoulos MC, Saadoun S (2021) Acute 
spinal cord injury: correlations and causal relations between intraspinal 
pressure, spinal cord perfusion pressure, lactate-to-pyruvate ratio, and limb 
power. Neurocrit Care 34:121-129.

Horn EM, Theodore N, Assina R, Spetzler RF, Sonntag VKH, Preul MC (2008) The 
effects of intrathecal hypotension on tissue perfusion and pathophysiological 
outcome after acute spinal cord injury. Neurosurg Focus 25:E12.

Hu A, Li J, Sun W, Yang D, Yang M, Du L, Gu R, Gao F, Li J, Chu H, Zhang X, Gao L 
(2015) Myelotomy reduces spinal cord edema and inhibits aquaporin-4 and 
aquaporin-9 expression in rats with spinal cord injury. Spinal Cord 53:98-102.

Hua Y, Wu JM, Keep RF, Nakamura T, Hoff JT, Xi GH (2006) Tumor necrosis factor-
alpha increases in the brain after intracerebral hemorrhage and thrombin 
stimulation. Neurosurgery 58:542-548.

Iannotti C, Zhang YP, Shields LBE, Han Y, Burke DA, Xu X, Shields CB (2006) Dural 
repair reduces connective tissue scar invasion and cystic cavity formation after 
acute spinal cord laceration injury in adult rats. J Neurotraum 23:853-865.

Iida H, Tachibana S (1995) Spinal cord intramedullary pressure: direct cord traction 
test. Neurol Med Chir 35:75-77.

Jalan D, Saini N, Zaidi M, Pallottie A, Elkabes S, Heary RF (2017) Effects of early 
surgical decompression on functional and histological outcomes after severe 
experimental thoracic spinal cord injury. J Neurosurg Spine 26:62-75.

Jin L, Li J, Wang K, Xia W, Zhu Z, Wang C, Li X, Liu H (2021) Blood-spinal cord barrier 
in spinal cord injury: a review. J Neurotraum 38:1203-1224.

Jing Y, Wu Q, Yuan X, Li B, Liu M, Zhang X, Liu S, Li H, Xiu R (2014) Microvascular 
protective role of pericytes in melatonin-treated spinal cord injury in the 
C57BL/6 mice. Chin Med J (Engl) 127:2808-2813.

Jones CF, Cripton PA, Kwon BK (2012) Gross morphological changes of the spinal 
cord immediately after surgical decompression in a large animal model of 
traumatic spinal cord injury. Spine 37:E890-899.

Jug M, Kejzar N, Vesel M, Al Mawed S, Dobravec M, Herman S, Bajrovic FF (2015) 
Neurological recovery after traumatic cervical spinal cord injury is superior if 
surgical decompression and instrumented fusion are performed within 8 hours 
versus 8 to 24 hours after injury: a single center experience. J Neurotraum 
32:1385-1392.

Khaing ZZ, Cates LN, Dewees DM, Hyde JE, Gaing A, Birjandian Z, Hofstetter CP 
(2021) Effect of durotomy versus myelotomy on tissue sparing and functional 
outcome after spinal cord injury. J Neurotraum 38:746-755.

Khaing ZZ, Cates LN, Fischedick AE, McClintic AM, Mourad PD, Hofstetter CP (2017) 
Temporal and spatial evolution of raised intraspinal pressure after traumatic 
spinal cord injury. J Neurotraum 34:645-651.

Kim KD, Lee KS, Coric D, Chang JJ, Harrop JS, Theodore N, Toselli RM (2021) A 
study of probable benefit of a bioresorbable polymer scaffold for safety and 
neurological recovery in patients with complete thoracic spinal cord injury: 
6-month results from the INSPIRE study. J Neurosurg Spine 34:808-817.

Kimura A, Hsu M, Seldin M, Verkman AS, Scharfman HE, Binder DK (2010) 
Protective role of aquaporin-4 water channels after contusion spinal cord injury. 
Ann Neurol 67:794-801.

Lee JY, Choi HY, Park CS, Ju BG, Yune TY (2018) Mithramycin a improves functional 
recovery by inhibiting BSCB disruption and hemorrhage after spinal cord injury. J 
Neurotraum 35:508-520.

Legos JJ, Gritman KR, Tuma RF, Young WF (2001) Coadministration of 
methylprednisolone with hypertonic saline solution improves overall 
neurological function and survival rates in a chronic model of spinal cord injury. 
Neurosurgery 49:1427-1433.

Lemke M, Demediuk P, McIntosh TK, Vink R, Faden AI (1987) Alterations in tissue 
Mg2+, Na+ and spinal cord edema following impact trauma in rats. Biochem 
Biophys Res Commun 147:1170-1175.

Lemke M, Faden AI (1990) Edema development and ion changes in rat spinal cord 
after impact trauma: injury dose-response studies. J Neurotraum 7:41-54.

Leonard AV, Thornton E, Vink R (2015) The relative contribution of edema and 
hemorrhage to raised intrathecal pressure after traumatic spinal cord injury. J 
Neurotraum 32:397-402.

Liu LJW, Rosner J, Cragg JJ (2020) Journal club: high-dose methylprednisolone for 
acute traumatic spinal cord injury: a meta-analysis. Neurology 95:272-274.

Liu X, Wang Y, Yang J, Liu Y, Zhou D, Hou M, Xiang L (2015) Anti-edema effect of 
melatonin on spinal cord injury in rats. Biomed Pap 159:220-226.

Maikos JT, Elias RAI, Shreiber DI (2008) Mechanical properties of dura mater from 
the rat brain and spinal cord. J Neurotraum 25:38-51.

Matsushita T, Lankford KL, Arroyo EJ, Sasaki M, Neyazi M, Radtke C, Kocsis JD (2015) 
Diffuse and persistent blood-spinal cord barrier disruption after contusive spinal 
cord injury rapidly recovers following intravenous infusion of bone marrow 
mesenchymal stem cells. Exp Neurol 267:152-164.

Mendelow AD, Rowan JO, Murray L, Kerr AE (1983) A clinical comparison of 
subdural screw pressure measurements with ventricular pressure. J Neurosurg 
58:45-50.

Miller BA, Roy AK, Boucher AB, Pradilla G, Ahmad FU (2016) Subacute 
posttraumatic ascending myelopathy after an incomplete spinal cord injury from 
a gunshot wound to the spine: case report and review of the literature. World 
Neurosurg 88:687.e13-17.



1710  ｜NEURAL REGENERATION RESEARCH｜Vol 17｜No. 8｜August 2022

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Miller JD, Butterworth JF, Gudeman SK, Faulkner JE, Choi SC, Selhorst JB, Harbison 
JW, Lutz HA, Young HF, Becker DP (1981) Further experience in the management 
of severe head-injur. J Neurosurg 54:289-299.

Morita T, Sasaki M, Kataoka-Sasaki Y, Nakazaki M, Nagahama H, Oka S, Oshigiri T, 
Takebayashi T, Yamashita T, Kocsis JD, Honmou O (2016) Intravenous infusion 
of mesenchymal stem cells promotes functional recovery in a model of chronic 
spinal cord injury. Neuroscience 335:221-231.

Narotam PK, Morrison JF, Schmidt MD, Nathoo N (2014) Physiological complexity 
of acute traumatic brain injury in patients treated with a brain oxygen protocol: 
utility of symbolic regression in predictive modeling of a dynamical system. J 
Neurotraum 31:630-641.

Nesic O, Guest JD, Zivadinovic D, Narayana PA, Herrera JJ, Grill RJ, Mokkapati VUL, 
Gelman BB, Lee J (2010) Aquaporins in spinal cord injury: the janus face of 
aquaporin 4. Neuroscience 168:1019-1035.

Nielsen S, Nagelhus EA, Amiry-Moghaddam M, Bourque C, Agre P, Ottersen OP 
(1997) Specialized membrane domains for water transport in glial cells: high-
resolution immunogold cytochemistry of aquaporin-4 in rat brain. J Neurosci 
17:171-180.

Noble LJ, Wrathall JR (1987) The blood-spinal cord barrier after injury: pattern 
of vascular events proximal and distal to a transection in the rat. Brain Res 
424:177-188.

Noble LJ, Wrathall JR (1988) Blood-spinal cord barrier disruption proximal to a 
spinal cord transection in the rat: time course and pathways associated with 
protein leakage. Exp Neurol 99:567-578.

Nolan RT (1969) Traumatic oedema of the spinal cord. Br Med J 1:710.
Ostrup RC, Luerssen TG, Marshall LF, Zornow MH (1987) Continuous monitoring of 

intracranial pressure with a miniaturized fiberoptic device. J Neurosurg 67:206-
209.

Padayachy LC, Figaji AA, Bullock MR (2010) Intracranial pressure monitoring for 
traumatic brain injury in the modern era. Child Nerv Syst 26:441-452.

Pan WH, Banks WA, Kastin AJ (1997) Permeability of the blood-brain and blood 
spinal cord barriers to interferons. J Neuroimmunol 76:105-111.

Park CS, Lee JY, Choi HY, Ju BG, Youn I, Yune TY (2019) Protocatechuic acid improves 
functional recovery after spinal cord injury by attenuating blood-spinal cord 
barrier disruption and hemorrhage in rats. Neurochem Int 124:181-192.

Parra-Villamar D, Blancas-Espinoza L, Garcia-Vences E, Herrera-García J, Flores-
Romero A, Toscano-Zapien A, Villa JV, Barrera-Roxana R, Karla SZ, Ibarra A, Silva-
García R (2021) Neuroprotective effect of immunomodulatory peptides in rats 
with traumatic spinal cord injury. Neural Regen Res 16:1273-1280.

Perkins PG, Deane RH (1988) Long-term follow-up of six patients with acute spinal 
injury following dural decompression. Injury 19:397-401.

Phang I, Papadopoulos MC (2015b) Intraspinal pressure monitoring in a patient 
with spinal cord injury reveals different intradural compartments: injured spinal 
cord pressure evaluation (ISCoPE) study. Neurocrit Care 23:414-418.

Phang I, Werndle MC, Saadoun S, Varsos G, Czosnyka M, Zoumprouli A, 
Papadopoulos MC (2015a) Expansion duroplasty improves intraspinal pressure, 
spinal cord perfusion pressure, and vascular pressure reactivity index in patients 
with traumatic spinal cord injury: injured spinal cord pressure evaluation study. J 
Neurotraum 32:865-874.

Phang I, Zoumprouli A, Papadopoulos MC, Saadoun S (2016b) Microdialysis to 
optimize cord perfusion and drug delivery in spinal cord injury. Ann Neurol 
80:522-531.

Phang I, Zoumprouli A, Saadoun S, Papadopoulos MC (2016a) Safety profile and 
probe placement accuracy of intraspinal pressure monitoring for traumatic 
spinal cord injury: injured spinal cord pressure evaluation study. J Neurosurg 
Spine 25:398-405.

Piazza M, McShane BJ, Ramayya AG, Sullivan PZ, Ali ZS, Marcotte PJ, Welch WC, 
Ozturk AK (2018) Posterior cervical laminectomy results in better radiographic 
decompression of spinal cord compared with anterior cervical discectomy and 
fusion. World Neurosurg 110:E362-366.

Popovich PG, Horner PJ, Mullin BB, Stokes BT (1996) A quantitative spatial analysis 
of the blood-spinal cord barrier. I. Permeability changes after experimental 
spinal contusion injury. Exp Neurol 142:258-275.

Popovich PG, Lemeshow S, Gensel JC, Tovar CA (2012) Independent evaluation of 
the effects of glibenclamide on reducing progressive hemorrhagic necrosis after 
cervical spinal cord injury. Exp Neurol 233:615-622.

Prockop LD NKBJ (1995) Selective permeability of [3H]-D-mannitol and [14C]-
carboxyl-inulin across the blood-brain barrier and blood-spinal cord barrier in 
the rabbit. J Spinal Cord Med 4:221-226.

Regan RF, Guo YP (1998) Toxic effect of hemoglobin on spinal cord neurons in 
culture. J Neurotraum 15:645-653.

Regan RF, Panter SS (1993) Neurotoxicity of hemoglobin in cortical cell-culture. 
Neurosci Lett 153:219-222.

Saadoun S, Bell BA, Marios ASV, Papadopoulos MC (2008) Greatly improved 
neurological outcome after spinal cord compression injury in AQP4-deficient 
mice. Brain 131:1087-1098.

Saadoun S, Jeffery ND (2021) Acute traumatic spinal cord injury in humans, dogs, 
and other mammals: the under-appreciated role of the dura. Front Neurol 
12:629445.

Saadoun S, Papadopoulos MC (2016) Spinal cord injury: is monitoring from the 
injury site the future? Crit Care 20:308.

Saadoun S, Papadopoulos MC (2020) Targeted perfusion therapy in spinal cord 
trauma. Neurotherapeutics 17:511-521.

Saadoun S, Papadopoulos MC (2021) Acute, severe traumatic spinal cord injury. 
Neurosurg Clin N Am 32:365-376.

Sato DK, Callegaro D, Lana-Peixoto MA, Waters PJ, de Haidar Jorge FM, Takahashi T, 
Nakashima I, Apostolos-Pereira SL, Talim N, Simm RF, Martins Lino AM, Misu T, 
Leite MI, Aoki M, Fujihara K (2014) Distinction between MOG antibody-positive 
and AQP4 antibody-positive NMO spectrum disorders. Neurology 82:474-481.

Sharma HS (2005) Pathophysiology of blood-spinal cord barrier in traumatic injury 
and repair. Curr Pharm Des 11:1353-1389.

Simard JM, Tsymbalyuk O, Ivanov A, Ivanova S, Bhatta S, Geng Z, Woo SK, Gerzanich 
V (2007) Endothelial sulfonylurea receptor 1-regulated NCCa-ATP channels 
mediate progressive hemorrhagic necrosis following spinal cord injury. J Clin 
Invest 117:2105-2113.

Smith JS, Anderson R, Pham T, Bhatia N, Steward O, Gupta R (2010) Role of early 
surgical decompression of the intradural space after cervical spinal cord injury in 
an animal model. J Bone Joint Surg Am 92:1206-1214.

Soubeyrand M, Laemmel E, Court C, Dubory A, Vicaut E, Duranteau J (2013) 
Rat model of spinal cord injury preserving dura mater integrity and allowing 
measurements of cerebrospinal fluid pressure and spinal cord blood flow. Eur 
Spine J 22:1810-1819.

Spera PA, Vasthare US, Tuma RF, Young WF (2000) The effects of hypertonic saline 
on spinal cord blood flow following compression injury. Acta Neurochir 142:811-
817.

Streijger F, So K, Manouchehri N, Tigchelaar S, Lee JHT, Okon EB, Shortt K, Kim S, 
McInnes K, Cripton P, Kwon BK (2017) Changes in pressure, hemodynamics, and 
metabolism within the spinal cord during the first 7 days after injury using a 
porcine model. J Neurotraum 34:3336-3350.

Tator CH, Fehlings MG (1991) Review of the secondary injury theory of acute 
spinal-cord trauma with emphasis on vascular mechanisms. J Neurosurg 75:15-
26.

Telemacque D, Zhu FZ, Ren ZW, Chen KF, Drepaul D, Yao S, Yang F, Qu YZ, Sun TF, 
Guo XD (2020) Effects of durotomy versus myelotomy in the repair of spinal cord 
injury. Neural Regen Res 15:1814-1820.

Tomko P, Farkaš D, Čížková D, Vanický I (2017) Longitudinal enlargement of the 
lesion after spinal cord injury in the rat: a consequence of malignant edema? 
Spinal Cord 55:255-263.

Tuma RF, Vasthare US, Arfors KE, Young WF (1997) Hypertonic saline administration 
attenuates spinal cord injury. J Trauma 42:S54-60.

Ulbrich EJ, Schraner C, Boesch C, Hodler J, Busato A, Anderson SE, Eigenheer S, 
Zimmermann H, Sturzenegger M (2014) Normative mr cervical spinal canal 
dimensions. Radiology 271:172-182.

Vanzulli I, Butt AM (2015) mGluR5 protect astrocytes from ischemic damage in 
postnatal CNS white matter. Cell Calcium 58:423-430.

Varsos GV, Werndle MC, Czosnyka ZH, Smielewski P, Kolias AG, Phang I, Saadoun 
S, Bell BA, Zoumprouli A, Papadopoulos MC, Czosnyka M (2015) Intraspinal 
pressure and spinal cord perfusion pressure after spinal cord injury: an 
observational study. J Neurosurg Spine 23:763-771.

Wagner FC, Stewart WB (1981) Effect of trauma dose on spinal-cord edema. J 
Neurosurg 54:802-806.

Wagner KR, Beiler S, Beiler C, Kirkman J, Casey K, Robinson T, Larnard D, de 
Courten-Myers GM, Linke MJ, Zuccarello M (2006) Delayed profound local 
brain hypothermia markedly reduces interleukin-1 beta gene expression and 
vasogenic edema development in a porcine model of intracerebral hemorrhage. 
Acta Neurochir Suppl 96:177-182. 

Weirich SD, Cotler HB, Narayana PA, Hazle JD, Jackson EF, Coupe KJ, McDonald CL, 
Langford LA, Harris JH (1990) Histopathologic correlation of magnetic resonance 
imaging signal patterns in a spinal cord injury model. Spine 15:630-638.

Werndle MC, Saadoun S, Phang I, Czosnyka M, Varsos GV, Czosnyka ZH, Smielewski P, 
Jamous A, Bell BA, Zoumprouli A, Papadopoulos MC (2014) Monitoring of spinal 
cord perfusion pressure in acute spinal cord injury: initial findings of the injured 
spinal cord pressure evaluation study. Crit Care Med 42:646-655.

Yu D, Liu L, Cao Y, Wang Y, Bi Y, Wei Z, Tong S, Lv G, Mei X (2015) Combining bone 
marrow stromal cells with green tea polyphenols attenuates the blood-spinal 
cord barrier permeability in rats with compression spinal cord injury. J Mol 
Neurosci 56:388-396.

Zhang J, Wang H, Zhang C, Li W (2016) Intrathecal decompression versus epidural 
decompression in the treatment of severe spinal cord injury in rat model: a 
randomized, controlled preclinical research. J Orthop Surg Res 11:34.

Zhang T, Li K, Zhang ZL, Gao K, Lv CL (2021) LncRNA Airsci increases the 
inflammatory response after spinal cord injury in rats through the nuclear factor 
kappa B signaling pathway. Neural Regen Res 16:772-777.

Zhang X, Liu CB, Yang DG, Qin C, Dong XC, Li DP, Zhang C, Guo Y, Du LJ, Gao F, Yang 
ML, Li JJ (2019) Dynamic changes in intramedullary pressure 72 hours after 
spinal cord injury. Neural Regen Res 14:886-895.

Ziai WC, Toung TJK, Bhardwaj A (2007) Hypertonic saline: first-line therapy for 
cerebral edema? J Neurol Sci 261:157-166.

C-Editor: Zhao M; S-Editors: Wang J, Li CH; L-Editor: Song LP; T-Editor: Jia Y


