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Introduction

Traumatic spinal cord injury (TSCI) is a catastrophic event
mostly affecting a large proportion of young people who are
in the peak period of productivity in their lives. It can cause
sensory and motor dysfunction, which in turn affects the
patient’s ability of independent living.1 This urges clinical
and basic science researchers to formulate effective strate-
gies for the treatment of patients with TSCI. Although timely
diagnosis and treatment reduce the mortality in TSCI, the
long-term recovery of neurologic functions and improve-
ment in patients’ quality of life are still not optimistic.2 We

summarize the pathophysiologic mechanisms of primary
and secondary spinal cord damage in TSCI and analyze the
current status of early surgical treatment. The relationship
between early surgical strategies and open questions is
outlined in ►Fig. 1.

Epidemiology of TSCI

The etiology and incidence of TSCI may vary regionally, with
road traffic accidents and falls being the leading causes
worldwide.3 In the developing countries, transition to
motorized transportation, poor infrastructure, regulatory
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Abstract Traumatic spinal cord injury (TSCI) is frequent. Timely diagnosis and treatment have
reduced the mortality, but the long-term recovery of neurologic functions remains
ominous. After TSCI, tissue bleeding, edema, and adhesions lead to an increase in the
intraspinal pressure, further causing the pathophysiologic processes of ischemia and
hypoxia and eventually accelerating the cascade of secondary spinal cord injury.
Timely surgery with appropriate decompression strategies can reduce that secondary
injury. However, disagreement about the safety and effectiveness of decompression
surgery and the timing of surgery still exists. The level and severity of spinal cord injury
do have an impact on the timing of surgery; therefore, TSCI subpopulations may
benefit from early surgery. Early surgery perhaps has little effect on recovery from
complete TSCI but might be of benefit in patients with incomplete injury. Early
decompression should be considered in patients with incomplete cervical TSCI.
Patient age should not be used as an exclusion criterion for early surgery. The best
time point for early surgery is although influenced by the shortest duration to
thoroughly examine the patient's condition and stabilize the patient's state. After
the patient's condition is fully evaluated, we can perform the surgical modality of
emergency myelotomy and decompression. Therefore, a number of conditions should
be considered, such as standardized decompression methods, indications and opera-
tion timing to ensure the effectiveness and safety of early surgical intervention, and
promotion of the functional recovery of residual nerve tissue.
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challenges, and poor safety culture leads to TSCI, with the
majority of cases being transportation related; in developed
countries, the number of cases of TSCI resulting from falls is
increasing with the increase in the aging population.4 Males
are at a higher risk than females. This may be due to a greater
propensity for men to engage in dangerous behavior, which
makes them vulnerable to injury.3,5 From 1993 to 2012, the
average age of patients with acute TSCI increased from 40.5
to 50.5 years. Meanwhile, the incidence of TSCI in youngmen
(16–44 years) in developed countries is steadily decreasing.
However, the incidence of TSCI in elderly (65–74 years old)
male population is rapidly increasing and may continue to
rise with life expectancy prolongation.2 A meta-analysis of
the literature on TSCI from 2000 to 2016 found that 48.8% of
TSCI patients required interventional surgery.3 Therefore,
taking this into consideration, it is very important to solve
the problems related to surgical intervention.

Pathophysiology of TSCI

The process of SCI includes primary and secondary injury
mechanisms. Understanding the injury mechanism is es-
sential to find out the effective treatment strategies. Pres-
sure caused by events such as bending, stretching, axial
load and rotation, fracture of the spine, and soft-tissue
toughness causes primary trauma to the spinal cord, which
constitutes the initial stage of TSCI.1 The initial mechanical
insult immediately destroys the normal neural cells,6 lead-
ing to irreversible function loss and initiating the cascade
of secondary spinal cord damage.7 A small proportion of
patients have a neurogenic shock, characterized by reduc-
tion of vascular tone and peripheral resistance, bradycar-
dia, peripheral vasodilation, and hypotension with other
clinical symptoms due to sympathetic nerve inhibition.8

The extent of primary and subsequent secondary spinal
damage is directly proportional to the amount of energy
delivered to the spinal cord by mechanical force.9 High-
impact trauma lead to spinal fracture and dislocation, often

with complete spinal cord damage, which could be treated
surgically, promoting the regeneration of nerve fibers in
the partial TSCI caused by low-energy trauma, the ana-
tomical integrity of the spinal cord is often preserved and
the neurologic deficit is not complete, but the effective
clinical neuroprotective treatment strategy is still under
exploration.10

The secondary spinal cord damage, initiated by the initial
spinal cord damage, involves a series of interrelated bio-
chemical events, including alterations in microvascular per-
fusion, free radical generation, lipid peroxidation, and
necrotic and apoptotic cell death with the dysregulation of
ionic homeostasis, which further aggravates the local “spinal
fascial compartment syndrome” following the spinal cord
edema, eventually leading to the pathophysiologic process
nerve cell apoptosis (►Fig. 2).1,11 It is necessary to formulate
treatment strategies for stimulating axon regeneration, pre-
venting neurodegeneration, differentiation, and prolifera-
tion of new neurons and glial cells to repopulate at the
injured site while functionally integrating into surviving
neural tissues.7 Secondary injury is both preventable and
reversible.6 Ischemia is the key trigger factor of secondary
injury cascade as it initiates the derangements in cationic
homeostasis and oxidative cell injury. At the same time,
continuous compression of the spinal cord caused by bone,
intervertebral disk, or epidural blood clot may also exacer-
bate local ischemia.12 Therefore, reducing the pressure on
the spinal cord should be considered conducive for the
recoveryof blood supply in the damaged area, thus inhibiting
the occurrence of secondary ischemia. Additionally, research
conducted on the nerve evoked potential test in the animal
model of spinal cord compression showed that long-term
spinal cord compression aggravates the pathologic changes
in the spinal cord and further deteriorates the neurological
function, which proves that the continuous mechanical
compression is a crucial factor in the process of secondary
injury.13With this background, the adjustment of intraspinal
pressure (ISP) after TSCI has been paid more attention to

Fig. 1 Analytic framework.
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maintain the blood perfusion and oxygenation of the im-
pacted and adjacent spinal cord tissue to minimize
the secondary injury. Khaing et al established an animal
model of TSCI, further confirming that increase in ISP limited
the functional recovery after TSCI.10 However, due to the
differences in physiology, anatomy, and nature of the injury,
therewere differences in ISP values after SCI among different
species; therefore, it is difficult to translate the findings to
TSCI in humans. Werndle et al inserted a pressure probe
under the dura to measure the ISP while performing spinal
stabilization or decompression in 18 TSCI patients. They
showed the feasibility and safety of measuring ISP after
TSCI, by further demonstrating that the ISP values in TSCI
patients are significantly increased.14 Reference to ISP values
in the early phase after TSCI may help in providing optimal
medical and surgical treatment. Clinical data show that after
TSCI placement of a pressure probe intradurally within the
first 72hours of surgery is appropriate and that ISP monitor-
ing for a week is safe.15 In addition, the ISP can help in the
evaluation of the effect of surgical decompression.16 There-
fore, it is critical to carry out decompressive surgery in TSCI
patients to reduce the ISP.

Contradictory Statements of TSCI

A clinical strategy to restore spinal stability and decompress
the spinal cord is to prevent further deterioration of neuro-

logic function in patients with TSCI. However, the timing of
surgery is still controversial.17 Most opinions advocate that
early decompression with or without stabilization preserves
spinal cord tissue at risk by reducing the amount
of secondary injury,18 and significantly reduces the length
of hospital stay.17 Researchers believe that there is a theo-
retical basis for early surgical intervention inTSCI. Badhiwala
et al proposed that “time is spine” and emphasized that there
is a critical time window after TSCI. If the mechanical
compression of the spinal cord is relieved within that time
window, the pathophysiologic processes leading
to secondary injury can be alleviated, which may improve
outcome.2 This also suggests that severity of the primary
injury seems to play an important role in the timing of
surgery after TSCI.19 Early decompression strategies are
more cost-effective than delayed decompression, and result
in better quality of life of the patients.20

On the contrary, the often instable clinical status of
patients shortly after the trauma might accelerate the
progress of injury leading to more serious injury if surgery
is performed (too) early.21 Jones et al quantified the spinal
cord, dura, and subarachnoid space dimensions preinjury
and postdecompression in TSCI animals and found that
early decompression may lead to spinal cord swelling and
deformation, resulting obstruction of the subarachnoid
spaces with varied outcome depending on the severity
of the initial injury. This study further suggests that these
observations partly explain the poor results after early
decompression in some patients, and that attention should
be paid to gross morphologic changes in the spinal cord for
timing surgery.22 Similarly, some clinical studies could not
conclude that early surgical intervention was better than
late surgery. On the contrary, they found that early surgery
leads to a higher incidence of neurologic deterioration and
mortality.21 Therefore, there is no strong evidence to
support the advantage of early spinal decompression after
TSCI, but nonetheless should at least be discussed individ-
ually.23,24 The clinical condition of TSCI patients range
from mild neurologic impairment to significant disability,
which might explain the different findings in the studies.
The same holds true for the level of the injury. We
evaluated the available literature (►Table 1) to explore if
the early surgery outcomes after TSCI may have different
effects depending on the injured level, severity, and timing
of surgery.

For treatment of the elderly with SCI, there is currently a
lack of convincing evidence to support surgical or conserva-
tive treatment and more studies to define the treatment
strategy are required.25 Due to the comorbidities of the
elderly as well as the preexisting degenerative changes of
the spine, the current focus of research is onpatients younger
than 65 years,26 which may lead to ageism and affect the
physician’s judgments.27 However, a retrospective cohort
study has noted that early surgery within 24hours of injury
in TSCI patients older than 65 years results in more favorable
neurologic improvement.25 Therefore, we consider age
should not be considered as exclusion criterion for early
decompression.

Fig. 2 The objective to investigate the mechanism of the vicious cycle
of spinal cord compression after traumatic spinal cord injury (TSCI).
Following the initial mechanical injury, extensive edema and
hematoma in the spinal cord occur and the the pressure in the spinal
cord increases: primary spinal cord injury. Restricted by bony
vertebral canal and dural sac, the spinal cord external pressure
increases, leading to cerebrospinal fluid blocking, venous congestion,
local ischemia, hypoxia, electrolyte disorders: secondary spinal cord
damage. Local stenosis, adhesion, ischemia, and hypoxia further
aggravate the spinal cord edema and necrosis, with a further increase
of the spinal cord pressure, forming a vicious circle.
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Influence of Complete and Incomplete TSCI
on Outcome

Some studies have pointed out that the timing of surgery
may have a different effect on the outcomes in patients with
complete and incomplete SCIs; however, there is no consen-
sus on the association between early decompression in TSCI
patients and the AIS (American Spinal Injury Association
Impairment Score) subgroups.28 In a retrospective analysis,
incomplete (AIS grades B, C, and D) TSCI patients undergoing
early decompression surgery had significantly more often an
improvement by one grade (odds ratio¼14.9; 95% confi-
dence interval [95%CI]: 3.1–72.4; p<0.01), whereas there
was no significant effect of early surgery on neurologic
function recovery in complete (AIS A) TSCI patients.29 30

Another study showed that surgery is beneficial for recovery
of neurologic function in AIS A patients, and that especially
early (<24hours) decompression promotes neurologic re-
covery in these patients.31 However, this study did not
include TSCI patients with complete loss of sensorimotor
function. In addition, for the evaluation of nonneurologic
functional recovery, some prospective studies have also
confirmed that early surgery can reduce the length of hospi-
tal stay of TSCI patients. However, the degree of trauma,
injury mechanism, and other conditions, heavily biased
these results.32,33

In summary, early surgery has little effect on the recovery
of AIS A patients but some effect in patients with incomplete
spinal cord injury.

Influence of the injured Level on Outcome

The level of neurologic injury in TSCI patients has a signifi-
cant effect on recovery after early decompression.28 There-
fore, many studies investigated the treatment results in
patients with cervical or thoracolumbar TSCI alone or in
combination.

Studies Examining Cervical TSCI Patients
Many studies have included patients with cervical TSCI and
have obtained consistent results.29,35–37 Early surgical de-
compression (<24 hours) can improve recovery of neurologic
function and the quality of life of these patients, with better
improvement of patients with an incomplete TSCI.29 Aarabi
et al showed that recovery of neurologic function in severe
cervical TSCI after surgery was significantly better, but the
level of evidence was low (OR = 0.832; 95% CI: 0.141–4.88;
p = 0.83).35 The researchers reporetd that the long-term
neurologic outcome was determined by the intramedullary
lesion length, rather than the timing of surgery, which
further shows the importance of paying attention to the
severity of the primary injury for outcome prognosis. Re-
garding complications, it was reported that 2.2% of the
patients in the early surgery group had neurologic deterio-
ration, while it was only in 0.8% of the patients in the late
decompression group.35 The wound infection and mortality
rate was also much higher in the early surgery group,
whereas the incidence of pulmonary embolism was higher

in the late surgery group. Cardiopulmonary complications
were most common in both groups.36

Studies Examining Thoracolumbar TSCI Patients
In a small randomized controlled study, early decompression
(<24hours) had no significant clinical advantage for recov-
ery of the neurologic function in patients with thoracolum-
bar TSCI. The motor score increased slightly in patients with
incomplete TSCI, but the sensory score of all patients showed
no significant improvement.38 However, another random-
ized controlled study has reported that early surgery had no
significant effect on the improvement rate of AIS in patients
with incomplete thoracolumbar TSCI.31 In both studies, the
sample size was small, possibly confounding the results. A
large prospective study evaluated the efficacy of surgical
intervention in 711 patients with incomplete T1–L1 TSCI .39

The study showed that early surgery (<24hours) had better
AIS improvement. As this study was not randomized and
double-blinded, bias could not be avoided. Some retrospec-
tive studies, in which the operation was performed within
8hours, have shown that the quality of life of patients was
improved, with the recovery of neurologic function, but the
level of evidencewas low.32,40 Concerning complications, the
incidence of surgical site infection and sepsis was higher in
the early surgery group, but there was no difference in deep
vein thrombosis, surgical success rate, or mortality between
the early and late surgery groups.38

Therefore, it is essential to consider the effect of the level
of the injury on the results of early and late surgery. There is
stronger evidence to support early decompression of cervical
TSCI, especially in patients with incomplete TSCI. Overall, the
timing of the operation has a significant impact on the
recovery of the neurologic deficits in patients with thoraco-
lumbar TSCI. Future research should study the effect of
surgery in specific subgroups: probably, patients with in-
complete thoracolumbar TSCI should undergo more urgent
surgery than patients with complete TSCI.41 The above
mentioned clinical studies have methodological flaws, re-
ducing the evidence level. Although the findings in the
subgroups are interesting, they may have been caused by
selection bias. However, performing a randomized study in
patients, in which previous studies already have suggested a
benefit, is ethically problematic. It also has to be considered
that severity of injury is a strong prognostic factor, which
means that a high number of patients would be necessary for
avoiding an imbalance between the groups.

Best Time Point for Early Surgery

Although most researchers support early surgery, the opti-
mal time point for early surgery remains controversial.
Generally, early surgery is defined as being performedwithin
the first 24 to 72 hours following the injury. A survey con-
ducted on 971 spinal surgeons showed that 80% of the
surgeons agreed for decompression within 24hours.42

Therefore, many scholars suggest early operation within
24 hours,28,37,43 but contrary views also exist. Kim et al
proposed that 48 hours after injury should be regarded as
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the upper time limit for the early surgery.44Other researcher
believe that surgery should be performed within 8hours
after injury.45 Studies have shown that patients who under-
went surgery within 8 hours after TSCI had better neurologic
outcomes than patients who underwent surgery more than
8hours after injury, without an increase in complica-
tions.46,48 Mattiassich et al showed that ultra-early (<5
hours) surgery does not provide better improvement in
neurologic function than early (�5–24hours) surgery.49

Decompression of the spinal cord can be delayed due to
the transportation, rescue, resuscitation, surgery prepara-
tion, and other factors.42 Statistically, only 23.5 to 51.4% of
TSCI patients can be operated on within the first 24hours
after injury; these numbers are even lower in the developing
countries.38 It is also an important step to identify TSCI
patients immediately and transport them directly to a spe-
cialized treatment center.50 The arguments for early decom-
pression are reasonable. However, they have to weight
against the risk of bleeding and hypotension, which might
affect the surgical results negatively,making the definition of
the best time point for surgery difficult.51 Patients must be
stabilized before they can safely undergo spinal cord decom-
pression surgery; further delayafter assessing and stabilizing
the patient’s condition should be avoided.

Various Decompression Techniques in TSCI

Decompression is an important means of TSCI treatment.
Various techniques had been proposed.52

Laminectomy Combinedwith Durotomyor Duraplasty
Laminectomy cannot completely and effectively reduce ISP.
The swollen spinal cord expands into the subarachnoid
space, thereby blocking the cerebrospinal fluid, contributing
to a continuous intradural pressure increase.16 Furthermore,
swelling of the subcutaneous tissue after laminectomy can
be directly transmitted to the injured spinal cord, aggravat-
ing symptoms.14 Compared with laminectomy alone, lam-
inectomy combined with duraplasty or durotomy releases
ISP more effectively, allowing recovery of the injured spinal
cord. The risk of damaging initially healthy spinal cord tissue
by secondary pathophysiologic mechanisms could be re-
duced.53 Saadoun et al confirmed evidence that the dura
not the bony spinal canal is the main cause of spinal cord
compression after TSCI and stated that the simple bony
decompression has a poor effect on outcome.54 Laminectomy
combined with durotomy provides more room for the swol-
len spinal cord, which can more effectively reduce ISP and
increase spinal cord perfusion. Therefore, durotomy or dura-
plasty might be required in addition to laminectomy to
reduce the elevated ISP.

Myelotomy
Although laminectomy combined with durotomy or dura-
plasty proved to be effective, this operation cannot eliminate
the hematoma and necrotic tissue in the spinal cord. There-
fore, midline myelotomy in the region of the injured spinal
cord, followed by removal of the necrotic tissue with the

surrounding extravasated blood is proposed by some.55 It has
been shown in animal models, that myelotomy reduces the
amount of spinal cord imjury SCI and promote recovery of
neurologic function.52,56,57Myelotomy has the potential risk
of further complicating TSCI; therefore, it has not widely
used clinically. However, myelotomy should be kept in mind
as a surgical option. Standardization of the surgical tech-
nique, better definition of indications, and timing of the
operation are required.

Conclusions

Early decompression should be considered in patients with
incomplete cervical TSCI. The definition of the role of early
surgery in patients with a thoracolumbar TSLC and a com-
plete loss of sensory and motor function is still needed.
Rejecting early surgery in patients on the basis of chronolog-
ical age alone is not justified. At present, the logistic aspects
before hospital admission seem to pose an obstacle to early
surgical intervention in a large proportion of these patients.
It may be necessary to imrove the early care strategies to
ensure that TSCI patients can obtain surgical decompression
in time. After a comprehensive assessment of the patient's
condition, the eligible patient should be operated on as soon
as possible (<24 hours). Collaboration between orthopaedic
spinal surgeons and neurosurgeons for evaluating the best
decompression method and, if necessary, carrying out mye-
lotomy can completely relieve the compression of the spinal
cord. This intervention can further prevent the occurrence of
secondary injury and improve the neurologic outcome,
thereby reducing the economic burden.
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