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Abstract: Respiratory complications following traumatic spinal cord injury are common and are
associated with high morbidity and mortality. The inability to cough and clear secretions coupled
with weakened respiratory and abdominal muscles commonly leads to respiratory failure, pulmonary
edema, and pneumonia. Higher level and severity of the spinal cord injury, history of underlying
lung pathology, history of smoking, and poor baseline health status are potential predictors for
patients that will experience respiratory complications. For patients who may require prolonged
intubation, early tracheostomy has been shown to lead to improved outcomes. Prediction models to
aid clinicians with the decision and timing of tracheostomy have been shown to be successful but
require larger validation studies in the future. Mechanical ventilation weaning strategies also require
further investigation but should focus on a combination of optimizing ventilator setting, pulmonary
toilet techniques, psychosocial well-being, and an aggressive bowel regimen.

Keywords: spinal cord injury; respiratory complications; early tracheostomy; predictors of respiratory
complications; weaning strategies

1. Introduction

Acute traumatic spinal cord injury (SCI) affects approximately 54 people per million
in the United States per year, which equates to 18,000 new cases of SCI yearly. Although
not the most common type of acute neurotrauma, it has a high rate of long-term disability
and an increase in mortality risk of 2–5 times with the highest risk of death occurring in
the first year [1–3]. Risk factors associated with mortality from SCI include the level of
injury, tetraplegia, older age, polytrauma, mechanical ventilation, tracheostomy, septicemia,
respiratory complications, and cardiovascular complications [1–3].

Respiratory complications, responsible for as many as 42% of deaths, are one of the
most common causes of mortality and increased length of stay in patients with SCI [1,4–6].
Patients with SCI can develop a range of respiratory complications during the acute, sub-
acute, and chronic phases of recovery. Respiratory failure, pneumonia, pleural effusion,
pneumothorax, pulmonary embolism, hemothorax, and mucus plugging are common after
acute SCI [5]. These complications have been reported to occur more than half of the time
in these patients [6]. The prevalence of respiratory failure ranges from 7.8% [7] to 15.4% [8],
while the rate of pneumonia has been reported as occurring about one-fifth of the time and
is very frequently associated with aspiration [9].

Due to the above respiratory complications, many patients with SCI require advanced
airway management at various time points throughout their recovery. Patients with com-
plete cervical SCI, require mechanical ventilation between 81% to 91% of the time [10,11],
while patients with incomplete SCI require mechanical ventilation for over 48 h only
one-fourth of the time [10]. Many of the patients who are mechanically ventilated will
ultimately require tracheostomy as a part of their airway management. There is a wide
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range, from 12% to 62%, for rate of tracheostomy in the general population of cervical SCI
patients [12–17]. However, 78% of patients with complete SCI require tracheostomy, while
only 15% of patients with AIS D injuries require a tracheostomy [11,12]. The wide range
of rates of tracheostomy could indicate a large amount of variability in clinical practice
and a lack of clear guidelines for which patients should have a tracheostomy and when it
should occur.

In this narrative review, we will discuss common respiratory complications associated
with SCI, the underlying pathophysiology, the importance of identifying risk factors for
early intervention, and components of weaning from mechanical ventilation that can be
integrated into a successful strategy. To ensure that this review included the most relevant
and updated literature, we chose to only include publications from the last ten years. We
will conclude by discussing two salient cases that will highlight our key teaching points.

2. Pathophysiology of Respiratory Complications in SCI

An understanding of the pathophysiology of SCI and how it directly results in respira-
tory complications is key to our discussion. The level of injury and the strength of accessory
muscles play a large role in the development of respiratory complications following a SCI.
A cervical SCI may result in a patient who has spontaneous breathing and has a functional
diaphragm post injury but produces a forced vital capacity of less than 25% predicted [18].
This leads to hypoventilation due to the inability to fully, or adequately, expand the rib cage
during inspiration. Decreased abdominal muscle strength can limit the patient’s ability
to produce the forced expiration necessary to cough and clear secretions [19]. Poor lung
expansion and secretion clearance leads to the development of pneumonia and mucus
plugging and increases the risk of requiring ventilatory support.

Additionally, in SCI, the sympathetic nervous system becomes dormant, while the
parasympathetic nervous system becomes upregulated, leading to increased production of
airway secretions [7]. These increased secretions, that are then unable to be cleared, can lead
to the development of pneumonia and pulmonary edema. Both of which ultimately lead to
hypoxic respiratory failure. Respiratory failure may also result from airway obstruction
caused by a traumatic or post operative prevertebral hematoma [7]. For patients who
undergo surgery, airway compromise could also develop from soft tissue edema or lack of
cervical mobility post-operatively [19].

Although a patient may have a stable respiratory status immediately after the injury,
and even during the first couple of days of ICU admission, they require close monitoring of
their respiratory status as increased secretions, fatiguing respiratory muscles, and increasing
atelectasis, can cause worsening hypoxic and hypercarbic respiratory failure days after the
initial injury.

3. Predicting Respiratory Complications in SCI

Given the prevalence of respiratory complications in patients with SCI, and their
often-delayed presentation, it is important for clinicians to identify patients who are high
risk. In general, the development of respiratory complications is associated with a history of
lung disease, concurrent chest trauma, younger age, sports related SCI, AIS A or B, cervical
level of injury, and increased size of injury [5,6]. In older adults with SCI, increased age,
higher blood glucose levels, presence of ossification of the posterior longitudinal ligament,
presence of a prevertebral hematoma, and an AIS score of A or B were all independent risk
factors associated with respiratory complications [7].

The development of pneumonia and respiratory failure has a specific set of risk factors
and prediction models to aid clinicians. Within three weeks of injury, patients with complete
SCI develop pneumonia about half of the time and are more likely to develop pneumonia
if they have underlying medical conditions [11]. Patients with poor Dysphagia Severity
Scale scores also have an increased risk of developing pneumonia [9].

Meanwhile, respiratory failure is associated with the level of the SCI, the AIS score,
and initial hemoglobin, platelet to lymphocyte ratio, and neutrophil percentage to albumin
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ratio [8]. A nomogram combining the current gold standard for prediction, level and
severity of injury, with biomarkers of inflammatory and nutritional status at the time
of injury had an area under the curve of 0.955, which out preformed the gold standard
alone [8]. This research group created an online application that clinicians can use at
admission to predict patients with SCI who may develop respiratory failure. Although this
model has been internally validated with a test group, it needs to be externally validated in
a more heterogenous population before it can reliably be used on a large scale.

Patients with SCI are also at higher risk of being unable to be successfully extubated.
One recent systematic review found the extubation failure rate was about one-fifth of
the time and that it was more likely to occur in patients with complete cervical SCI [20].
Patients with complete injuries, higher injury levels, decreased Glasgow Coma Scores
(GCS), increased Injury Severity Scores, and concurrent lung injuries are more likely to
require mechanical ventilation for longer than 48 h [10]. Another group found that patients
with higher injury severity scores, with a complete or anterior injury, and an injury from
C1 to C4 are more likely to require ventilation for 7 or more days [21]. Patients having one
of these characteristics had a 67% chance of prolonged ventilation, those with two had
an 85% chance of prolonged ventilation, and patients with all three had a 98% chance of
prolonged ventilation [21]. The presence of a PAO2/FIO2 ratio <300 three days after being
intubated was also predictive of requiring mechanical ventilation for more than 7 days [14].
Understanding and identifying these risk factors could provide clinicians with an evidence-
based rationale for which patients should undergo early elective tracheostomies following
a SCI.

Sleep disordered breathing is common and underrecognized in patients with spinal
cord injury. This has been studied predominantly in the subacute and chronic phases after
injury [22] but likely impacts patients in the acute phase if it was a pre-existing condition.
The reported prevalence varies likely due to variable diagnostic methods and criteria.
However, many patients exhibit evidence of central sleep apnea as well as obstructive
patterns or both. Efforts to successfully identify and treat these patients in the acute setting
may improve their overall outcome and quality of life.

4. Treatment Considerations for Respiratory Complications of SCI

Most of the respiratory complications associated with SCI can be treated with the
accepted standard of care without any special considerations with a few exceptions. While
using diuretics or bilevel positive airway pressure to treat a patient with SCI and pulmonary
edema or pleural effusions, the clinician must ensure that the patient’s mean arterial
pressure remains above the targeted goals. Lastly, due to the increased amount of secretions,
and decreased ability to clear them, the management of mucus plugging and atelectasis in
patients with SCI is paramount.

In patients who are intubated, direct suctioning of the airway with directional suction
catheters that can specifically suction the left lung and frequent bronchoscopy can improve
the clearance of secretions. Although not specifically studied in SCI, bronchoscopy has
been shown to be effective in resolving lung atelectasis in mechanically ventilated patients
and is effective in achieving successful extubation [23]. The use of bronchoscopy to suction
mechanically ventilated patients with acute exacerbation of chronic obstructive pulmonary
disease has been shown to lead to decreased time on ventilation, decreased hospital length
of stay, lower reintubation rates, lower rates of ventilator-associated pneumonia, and higher
weaning success rates [24]. The use of mucolytic agents could also play an important role
in the management of patients with SCI. However, in mechanically ventilated patients,
the routine, combined use of nebulized acetylcysteine with salbutamol did not lead to a
decrease in the amount of secretions in the endotracheal tube [25]. More research is needed
regarding the use of mucolytic agents and bronchoscopy specifically in patients with SCI.

Many patients with SCI ultimately require definitive airway management for respira-
tory failure or other respiratory complications that are not easily reversible. Indications
for intubation of patients with SCI include acidosis due to an increase in PaCO2 or a vital
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capacity <15 mL/kg [19]. In patients with high, complete cervical SCI, it would be appropri-
ate to consider an elective intubation early in the clinical course [19]. There remains some
controversy regarding the appropriate tidal volumes used for patients who are mechani-
cally ventilated. Some suggest that the use of higher tidal volumes may be beneficial in
certain patients with isolated SCI and compromised accessory and abdominal muscles [19].
However, a recent study comparing tidal volume settings less than and greater than 15
mL/kg in patients with tracheostomies showed that higher tidal volumes are associated
with increased risk of pneumonia and other pulmonary adverse events [26]. This study’s
results may not be applicable in most clinical settings as modern protocols for mechanical
ventilation generally keep tidal volumes less than 10 mL/kg.

Tracheostomies are common among patients with SCI. In a recent systematic review,
patients with the following characteristics were found to be more likely to require a tra-
cheostomy: male, AIS A and B scores, higher level of cord injury, higher injury severity
scores, GCS ≤ 8, thoracic injury, and respiratory complications [27]. Patients with lower
AIS motor scores, a history of smoking, and patients with a Cervical Spine Injury Severity
Score above 7 are also more likely to require tracheostomy [12,13,15]. In fact, the presence
of the following factors was predictive of the need for tracheostomy in 95% of patients:
60 years of age or older, combined facet dislocation, C4 level of injury or higher, AIS A
or B [16]. Another group developed a classification and regression tree model in order
to predict the need for tracheostomy that was 78% sensitive and 96% specific [17]. The
model included age over 50 years of age, an Injury Severity Scale score above 16, injury
level above C5, and AIS A [17]. This model provides clinicians with a clinical decision
tree that can confidently be applied at the individual patient level, although more external
validation is required.

Imaging findings may also play a role in predicting who will ultimately require a
tracheostomy. The presence of a complete SCI, a level of injury of C5 and above, a maximum
canal compromise above 50%, a lesion length greater than 20 mm, and osteophyte formation
are MRI findings that are potentially predictive of the need for tracheostomy [28].

In general, tracheostomy leads to improved pulmonary outcomes in patients with
SCI [14]. While many patients do ultimately require tracheostomy the correct timing of
the procedure requires additional research. Two large systematic review found that early
tracheostomy, defined as 7 to 10 days from the injury, produced mixed results. Early
tracheostomy was associated with reducing the days on mechanical ventilation, the ICU
length of stay, the hospital length of stay, and the risk of ventilator-associated pneumonia
and tracheostomy-related complications [29,30]. However, early tracheostomy was not
associated with decreased short-term mortality or differences in the rate of developing
pneumonia [29,30]. Despite not showing an improvement in mortality, early tracheostomy
in selected patients is becoming the standard of care.

5. Ventilator Weaning Strategies

The majority of patients with high cervical SCI can be weaned from mechanical
ventilation given sufficient time and particularly if they have evidence of diaphragmatic
movement. Between 62.6% and 97% of patients who were previously ventilator dependent
are eventually able to be weaned at various stages of their recovery [11,13,31–33]. One
group reported an average of 37 days for weaning [32], although more data about this topic
are needed. Complete SCI at C1–C4 is common among patients who ultimately are unable
to be successfully decannulated [13].

There are few studies, none that are randomized, regarding specific weaning strategies
in patients with acute SCI. One group used a 20 mL/kg tidal volume compared to the
standard 10 mL/kg tidal volume while attempting to wean patients off the ventilator
over 14 days and found no difference in the days to wean or the number of pulmonary
complications [34]. Another group used a combination of theophylline, high volume venti-
lation, positive pressure treatments, and mechanical insufflation-exsufflation to produce a
weaning success rate of 83% [35].
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Anecdotally, we have had success with protocols that introduce spontaneous breathing
trials for short periods without causing excessive fatigue. The length of trials is slowly
increased until the patient is able to tolerate spontaneous breathing modes continuously and
can be assessed for extubation or for short periods off the ventilator, if a tracheostomy has
been placed. Additionally, we have used testosterone and oxandralone and optimization of
nutritional status to increase muscle mass and build strength in order to aid in ventilator
weaning. There is some evidence to suggest that building accessory muscle strength
can lead to improved outcomes. A meta-analysis of respiratory muscle training showed
improved vital capacity, maximal inspiratory pressure, and maximal expiratory pressure
in patients with cervical SCI [36]. Further research is needed to identify commonly used
weaning strategies in neurocritical intensive care units and then to directly compare them
to each other to develop a clinical standard of care.

The inability to clear secretions can contribute significantly to weaning failure. A
few important pulmonary toilet techniques that can be integrated into a holistic weaning
strategy have been studied in other critically ill patients despite being minimally studied
specifically in patients with SCI. Cough augmentation techniques have been studied in
critically ill patients and in patients with neuromuscular disorders. Available techniques
include manually assisted cough, mechanical insufflation, manual and mechanical breath-
stacking, mechanical insufflation-exsufflation, and glossopharyngeal breathing [37]. These
strategies may lead to an increase in peak cough flow compared to unassisted cough,
however none of these techniques has been shown to be superior so individual patient pref-
erence may be used to decide the protocol [37]. In patients with neuromuscular disorders,
mechanical insufflation-exsufflation may improve peak cough expiratory flow [38]. Addi-
tionally, the routine use of mechanical insufflation-exsufflation can lead to improved vital
capacity in patients with SCI or neuromuscular disorders [39,40]. Air stacking exercises
have also been shown to increase forced vital capacity and peak cough flow in patients
with cervical SCI [41]. Combining air stacking, abdominal compression, and spontaneous
maximal expiratory effort can lead to near normal peak cough flow [42]. These cough
augmentation techniques might help with the clearance of secretions and increase the
likelihood of successful weaning from mechanical ventilation.

Although only a few specific weaning strategies have been studied, there is some
recent literature pertaining to identification of patients who can be weaned from mechanical
ventilation or decannulated. Patients who can be weaned tend to be able to shrug their
shoulder within 3 weeks of injury, have higher vital capacities, have higher forced vital
capacities, higher maximal inspiratory pressures, and lower spinal level of injury [13,31,43].
Patients who could not be weaned, or had more difficulty being weaned, were over the age
of 56, had injuries at C4 or higher, had a vital capacity less than 1500, had a BMI above 25,
and had chronic obstructive pulmonary disease [32]. Additionally, patients who are unable
to be weaned have a higher likelihood of developing pneumonia and other respiratory
complications [31].

Patients who are unable to be weaned from mechanical ventilation but have an intact
phrenic nerve are potentially candidates for a diaphragm pacing system. Use of such
devices has shown some promise for these patients. One small study showed that 38.1% of
patients that were able to be completely dependent on the pacing system were completely
weaned from mechanical ventilation [44]. Early implantation of the diaphragm pacing
device can lead to patients being able to use the device constantly and no longer require
mechanical ventilation [45]. Similarly, transcutaneous electrical diaphragmatic stimulation
showed the ability in a small case series to decrease the time on mechanical ventilation and
length of stay in the ICU when compared to a hospital’s standard weaning protocol [46].



J. Pers. Med. 2023, 13, 97 6 of 11

6. Cases Demonstrating Key Aspects of Respiratory Complications and Weaning in SCI
6.1. Case 1

A 28-year-old male with no past medical history who was the unrestrained driver in a
rollover MVC presented to the trauma center with quadriplegia. The patient was found to
have a burst fracture of C5 with severe spinal cord compression resulting in a C4 AIS A
injury (Figure 1A). He also had a right pneumothorax that was needle decompressed in the
field and later replaced with a chest tube in the trauma bay (Figure 1B). The patient was
not intubated until he was in the OR the next day. The patient was immediately started
on heated, humidified air through the ventilator and scheduled ipratropium/albuterol,
bisacodyl, docusate, and senna. On day 2, the patient developed pneumonia, most likely
due to aspiration, and was started on antibiotics. Patient also received his first bronchoscopy
on that day, as he had multiple desaturation events, and was found to have a large mucus
plug, which was successfully removed. On day 3, the pneumothorax had resolved, and the
chest tube was removed. An early, elective tracheostomy was completed on day 5. On day 6,
the patient was started on alprazolam, escitalopram, and seen by neuropsychiatry due to
concerns about anxiety and depression. Despite the bowel regimen, during the first week of
his hospital course the patient developed constipation and an ileus likely from a continuous
fentanyl drip for pain and tachypnea (Figure 1C). At that point methylnaltrexone was added
to his bowel regimen, which quickly and effectively resolved his ileus. The treatment team
attempted to begin weaning the patient off of mechanical ventilation on day 9 with trials
of pressure support ventilation. However, the patient poorly tolerated these spontaneous
breathing trials due to consistent desaturations and tachypnea. The patient underwent
additional bronchoscopies on days 11 and 17 for suctioning due to episodic desaturations
and CT findings demonstrating atelectasis, aspiration, mucus plugging, and a persistent
pneumonia (Figure 1D). During this time of poor pulmonary function, the team continued to
try to decrease the amount of positive end-expiratory pressure required and intermittently
trialed pressure support ventilation. The patient had progressively longer pressure support
ventilation trials and ultimately was able to be weaned to assist-control ventilation at night
and pressure-support ventilation during the day with progressively smaller amounts of
pressure support required by the patient. Even with this multimodal weaning strategy,
complete weaning for this patient will likely take months.

Multiple factors likely led to difficulty weaning this patient from mechanical ventila-
tion. First, he, like many patients with SCI, developed anxiety and depression revolving
around the use of the ventilator. Therefore, optimizing a patient’s mental health with the
use of antidepressants and anxiolytic agents is of the upmost importance. The acute loss of
autonomy can be overwhelming and counseling by psychologists with SCI experience can
be extremely helpful to avoid severe depression and anxiety that often interferes with the
ability to fully engage in therapies and advance toward recovery. Specifically undergoing
tracheostomy and mechanical ventilation are associated with the development of depres-
sion after suffering a SCI [47]. Second, his level of injury has been shown to be associated
with difficulty weaning off of ventilator support. Lastly, he also had a concomitant trau-
matic pulmonary pathology in the pneumothorax and developed a persistent pneumonia
in addition to his respiratory failure.
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6.2. Case 2

A previously healthy 52-year-old male presented after a helicopter crash with quadriple-
gia. An MRI showed that the patient had C4 to C6 spinal cord contusions and was di-
agnosed with a C4 AIS A SCI (Figure 2A). The patient initially had a GCS of 10, L1–L4
fractures, 3 consecutive rib fractures, pneumothorax, vertebral artery dissection, and an
open knee wound. On day 0, the patient was intubated for hypoxic respiratory failure and
on day 6 he had an early tracheostomy. The patient was immediately started on heated,
humidified air through the ventilator and scheduled ipratropium/albuterol, bisacodyl, do-
cusate, and senna. On day 7, he developed pneumonia and was started on antibiotics. This
patient also developed an opioid-induced ileus and was given methylnaltrexone, which
was effective in resolving the ileus. On day 9, a bronchoscopy was completed and Metanebs
were started to help the patient clear secretions. Starting on day 11, the clinical team started
trials of pressure support ventilation. During these weaning trials, he developed episodic
desaturations and tachypnea. A chest x-ray on day 18 showed developing bibasilar consoli-
dations and pleural effusions requiring treatment with diuretics (Figure 2B). On day 20, the
patient began tolerating pressure support ventilation with more ease and only required
assist-control ventilation on an as needed basis. However, he once again had difficulty with
weaning and developed abdominal distention. A CT of the abdomen showed a moderate
stool burden and multiple distended loops of bowel, which were concerning for a new
ileus (Figure 2C). After less than a month in the ICU, the patient was transferred to a SCI
rehabilitation facility for further weaning and physical therapy.
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Figure 2. (A–C). (A) MRI cervical spine demonstrating a spinal cord contusion from C4 to C6.
(B) Chest X-ray showing bilateral basilar consolidations suggestive of pneumonia and bilateral
pleural effusions, which is worse on the right compared to the left. (C) CT abdomen and pelvis
showing multiple loops of dilated bowel concerning for an ileus.

The patient’s bowel distention likely contributed to his increased work of breathing by
causing increase abdominal pressure, which resulted in increased pressure on the thoracic
compartment and increased work of breathing. This case highlights the importance of
using an aggressive bowel regimen in order to optimize the patient’s intrathoracic and
intraabdominal pressures for successful weaning. In a small case series, the use of a spinal
cord stimulator to assist with cough was actually found to improve bowel management in
patients with SCI, as the time required for bowel management and the use of mechanical
methods for bowel management decreased [48]. This patient was also difficult to wean due
to his age and due to the presence of rib fractures, which also contributed to his difficulty
breathing and increased his risk of developing pneumonia. The patient’s initially decreased
GCS likely also contributed to his need for prolonged ventilation and difficulty weaning
off of mechanical ventilation.

7. Future Directions

Despite the challenges of conducting quality research studies involving patients with
SCI and respiratory complications due to the relatively low prevalence compared to other
types of neurotrauma, there have been important developments over the last decade
in our ability to reliably predict which patients will develop respiratory complications
after suffering a SCI. Although many of the developed prediction models have been
internally validated, they require larger external validation studies with more heterogenous
populations. While individual elements of weaning from mechanical ventilation strategies
have been studied to some extent, more research comparing weaning strategies is needed.
Specifically, research should focus on extra-pulmonary elements of weaning, such as
optimizing patients mental and bowel health. We hope that the next decade of research
results in improvements to the existing prediction models and results in a standardized,
highly effective mechanical ventilation weaning strategy.

8. Conclusions

It is important to understand and acknowledge the underlying pathophysiology of
each patient that presents with a SCI in order to reliably predict potential respiratory
complications. There remains significant variability among clinicians regarding which
patients receive tracheostomy, when they receive them, and how they are weaned from
mechanical ventilation. The use of prognostic tools to predict respiratory failure and
the need for early tracheostomy could help clinicians develop standardized, evidence-
based airway management plans that start at admission. Likewise, mechanical ventilation
weaning strategies should be multimodal and holistic in order to address pulmonary and
non-pulmonary aspects of weaning.
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