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Abstract Management of Traumatic Brain Injury (TBI)
focuses on controlling intracranial pressure (ICP), while
other treatments, such as the use of neuromuscular block-
ing agents (NMBAs), need scientific evidence. We
conducted a systematic review to investigate the usefulness
of NMBAs in the context of TBI and/or increased ICP. We
searched MEDLINE and EMBASE databases up to Janu-
ary 31st 2014, including both clinical and experimental
findings. We found a total of 34 articles, of which 22 were
prospective clinical trials. No systematic review/meta-
analyses were found. Seven studies evaluated NMBA
boluses in preventing stimulation-related ICP surges:
paralysis was effective during tracheal suctioning and
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physiotherapy but not during bronchoscopy. Fourteen
small studies (8 to 25 patients) assessed the effect of
NMBA boluses on ICP. Two studies showed an ICP
increase by succinylcholine and one found a decrease in
ICP after atracurium. No ICP changes were observed in the
other studies. One prospective study confirmed that dis-
continuing paralysis increases energy expenditure. Two
retrospective studies investigated mortality/morbidity: one
found that early paralysis (continued for > 12 h) was not
beneficial and potentially associated with extra-cranial
complications, while the second demonstrated a correlation
between continuous infusion of NMBA and time spent with
ICP > 20 mmHg. Eight animal studies were also
retrieved. In most studies, NMBA bolus was beneficial in
controlling ICP, especially when performing stimulating
procedures. However, retrospective evidence found
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potential harm by continuous NMBA infusion. In the
context of TBI patients, we discuss the potentially positive
effects of paralysis with its negative ones. Well-conducted
randomized controlled trials and/or large pharmaco-epi-
demiologic studies are warranted.

Keywords Critical care - Critical illness - Head injury -
Intensive care - Intracranial pressure - Myopathy -
Neuromuscular blocking agents - Polyneuropathy

Introduction

Traumatic brain injury (TBI) is the leading cause of dis-
ability in the population below 40 years of age [1]. The
treatment of TBI patients focuses on the prevention of
secondary brain damage. So far, several pharmacological
options have been investigated, but there is still paucity of
evidence for effective strategies in humans. The manage-
ment of intracranial pressure (ICP) remains the cornerstone
of treatment [2].

Neuromuscular blocking agents (NMBAs) are com-
monly considered, sometimes also at early stages, in
patients with TBI and increase of ICP [3, 4]. However,
their use in this category of critically ill patients seems
mostly based on theoretical considerations, while there is
poor evidence about their effects on long-term outcome.
Early paralysis has recently shown a positive impact in
patients with acute respiratory distress syndrome (ARDS)
[5, 6], and a recent large pharmaco-epidemiologic study
demonstrated a lower in-hospital mortality in patients with
severe sepsis and respiratory infection receiving early
treatment with NMBAs [7].

Paralysis may facilitate the mechanical ventilation of
TBI patients, in which thorough control of CO, and opti-
mal oxygenation with low levels of positive end-expiratory
pressure (PEEP) remains crucial. Other potential benefits
of pharmacological paralysis in patients with head injury
and refractory increase of ICP may include (1) prevention
of shivering, if actively managing temperature in febrile
patients or cooling with neuroprotective intent; (2) limita-
tion of cough and related ICP surges after its elicitation, for
instance with tracheal suctioning [8—12]; and (3) a further
decrease of the energy expenditure [13].

Nevertheless, continuous paralysis can mask the pre-
sence of post-traumatic seizure activity [14]. Furthermore,
patients with TBI and raised ICP are usually mechanically
ventilated for prolonged periods and therefore exposed to
the risk of developing critical illness polyneuropathy (CIP)
and/or myopathy (CIM). While a clear link between
NMBAs and the development of CIP/CIM is still uncertain
[15, 16], it could be worth to carefully consider paralysis in
these patients. The development of CIP/CIM may delay
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Table 1 “PICOS” approach for selecting clinical studies in the
systematic search

PICOS Characteristics of clinical studies included for the

qualitative synthesis

Participants Adult patients with TBI and/or increased ICP

Intervention Treatment with NMBAS, bolus, and/or continuous
infusion

Comparison Each patient is control for himself, or there is a control
group not treated with NMBAs

Outcomes  Short-term effects on ICP and/or cardiovascular and/or
metabolic and/or respiratory parameters
Long-term effects on mortality and morbidity
Study Prospective and retrospective clinical studies. Case
design series, only if including more than 5 patients

TBI traumatic brain injury; /CP intracranial pressure; NMBAs Neu-
romuscular blocking agents

respiratory weaning [17, 18], as well as the rehabilitation
process, and may instigate unreasonably pessimistic prog-
nosis [18].

The scope of this systematic review was to retrieve,
categorize, and summarize the presently available literature
on the long-term outcomes (i.e., morbidity and mortality)
of pharmacological paralysis in patients with TBI and
increased ICP admitted to the intensive care unit (ICU).

Methods

We conducted a systematic web-based literature search
through the NHS Library Evidence tool on the short- and
long-term effects of NMBA administration in the context
of TBI and raised ICP.

We followed the approach suggested by the PRISMA
statement for reporting systematic reviews and meta-anal-
yses [19]. However, due to the small number of randomized
controlled studies (RCTs) published, we a priori decided to
also include non-randomized prospective and retrospective
clinical studies as well as the findings of experimental
research. Yet, the aim of this expanded systematic search is
to provide a broaden insight on the topic for supporting the
design of large RCTs, and meanwhile to provide ICU cli-
nicians with a more detailed rationale for starting/holding
pharmacological paralysis in such patients, by a structured
description of the possible therapeutic benefits and the
potential harm of paralysis in this patients population.

Inclusion criteria for clinical studies were pre-specified
according to the PICOS approach (Table 1). We excluded
articles referring to the pediatric population and studies
performed in the pre-hospital emergency setting. Case
series were included in the study if reporting at least 5
patients; series with a lower number of patients and case
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reports was excluded. With regard of experimental evi-
dence, we included only animal models of TBI and/or
raised ICP treated with NMBAs, excluding in vitro
research.

A computerized search of the two most significant
Healthcare Databases, MEDLINE (PubMed) and EM-
BASE, from inception until January 31st, 2014 was
performed to identify relevant articles.

Our core search was structured in the combination of
terms obtained from the two following groups. The first
group is included in alphabetical order: “atracurium,”
“cisatracurium,” “doxacurium,” “metocurine,
neuromuscular blockade,” “neuromuscular block,”
“NMB,” “pancuronium,” “pipecuronium,” “rocuronium,”
“succinylcholine,” “suxamethonium,” “tubocurarine,” or
“vecuronium.” The second group consisted of the following:
“brain injuries,” “brain trauma,” “head injury,” “head trauma,”
“intracranial injury,” “intracranial trauma,” “traumatic brain
injury,” or “TBI”. The search strategy is summarized in the
“Supplemental Digital Content—Appendix 1.”

Three authors (FS, CS, and MOM) and a senior librarian
(see acknowledgements) independently searched these
databases. Duplicates were initially filtered through auto-
mated software function and afterward screened manually
by three authors (FS, CS, and MA). Study selection for
determining the eligibility for inclusion in the systematic
review and data extraction from the selected studies were
performed independently by three reviewers (FS, CS, and
MA). Discordances were resolved by involving another
reviewer (MOM) and/or by consensus.

Language restrictions were applied: only articles pub-
lished in English, French, German, or Italian were
considered. Findings retrieved from EMBASE as confer-
ence abstract are reported only if published after January
2011 to allow a reasonable time for multiple peer-reviewed
process.

A further manual search was conducted independently
by two authors (FS and CS), exploring the list of references
of the findings of the systematic search. Finally, we
excluded from the qualitative synthesis book chapters,
reviews, editorials, and letters to editor, but provided them
separately (“Supplemental Digital Content—Appendix
27).
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Results

The literature search with the above-mentioned criteria
produced 571 findings; of them 129 duplicates were
removed via automatic software leaving a total of 442
publications. We excluded 381 findings as judged not rel-
evant to our search target. Of the remaining 61 findings,
further 15 were excluded, 14 duplicates were identified

manually, and one finding was in Russian language. The
manual search did not add further findings. From the entire
search, we excluded seven reviews, three editorials/letters
to the editor, two surveys, and two small case series
(reporting 3 and 4 patients). A total of 32 articles remained
for the qualitative synthesis as shown in Fig. 1.

The description of the design of the studies found is
summarized in Table 2. No systematic reviews and meta-
analysis assessed the effects of the NMBA use in patients
with TBI. The findings of small randomized controlled
trials (RCTs) and of prospective studies are also reported in
Table 3.

Randomized Controlled Trials and Prospective Studies

A total of 22 prospective studies (including small RCTs)
were identified. Seven of them evaluated the ability of
different NMBAs (including succinylcholine) in preventing
surges of ICP after patient’s stimulation with endotracheal
suctioning [8-12], fiberoptic bronchoscopy [20], or phys-
iotherapy [21]. In these studies, a bolus of different
NMBAs was effective in preventing ICP increasedue to
endotracheal suctioning or physiotherapy. However, a
bolus of vecuronium bolus associated to sedation, analge-
sia, and topical anesthesia of the airways during
bronchoscopy was not effective in preventing the rise
of ICP.

Further 14 prospective studies targeted the effect of the
bolus of a NMBA on several cerebral (mainly ICP; cerebral
perfusion pressure—CPP; cerebral blood flow—CBF;
electroencephalography—EEG) =+ cardiovascular (.e.,
mean arterial pressure—MAP; heart rate—HR; central
venous pressure—CVP) parameters [22-35]. All these
studies were fairly small (treatment group ranging between
8 and 25 patients), mostly outdated, and conducted in
heterogeneous neurological populations, either TBI [22,
23] or other neurosurgical/neurocritical care populations
[24-35]. Only two studies convincingly showed changes,
in both cases being ICP increased by succinylcholine bolus
administration [24, 25]. However, a third study on the
effects of succinylcholine failed to demonstrate alterations
in CBF velocity, EEG, or ICP [26]. With regards to the
non-depolarizing NMBAs, only one of the prospective
studies showed significant reduction of ICP, CPP, and
MAP with a peak 2—4 min after bolus of atracurium [27].
Nevertheless, all the other studies failed to show significant
changes in the above parameters by non-depolarizing
NMBA boluses [28—-35]. None of these studies assessed the
impact of pharmacological paralysis on patients’ long-term
outcomes.

One prospective trial evaluated the impact on the energy
expenditure of interrupting paralysis (pancuronium) in a
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Fig. 1 Flowchart illustrating —
the results of the literature 442 web-based flndlr)gs ?ﬂer
search automated de-duplication

f 381 findings not matching the
target topic

[ 61 potentially relevant findings ]

( 1 excluded for language restriction
L 14 duplicates identified manually

46 selected findings from the web—]

[ based search

No further manual findings
were retrieved

46 findings matching the

inclusion criteria ]

{ 14 excluded for study design ]

[ 32 included in the qualitative

synthesis ]

Table 2 Description of findings of the systematic web-based litera-
ture search

Category of findings n

Small RCTs or Prospective studies 22
Retrospective studies

Experimental animal studies

Total 32

RCTs randomized controlled studies

population of 18 patients with severe head injury; mean
energy expenditure, evaluated through indirect calorimetry,
significantly increased after paralysis discontinuation [13].

Retrospective Studies

Two retrospective studies were found, one of them assess-
ing the effect of NMBA use on morbidity and/or mortality
in patients with TBI [36]. In a population of 514 patients,
retrieved from the National Coma Data Bank, the authors
found that early paralysis continued for at least 12 h did not
improve outcome and may be detrimental by prolonging the
ICU length of stay and by increasing the frequency of
paralysis-related extra-cranial complications (pneumonia).

The other retrospective study is a post hoc analysis in a
population of 326 patients suffering severe head injury
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enrolled in a RCT. The authors found a correlation between
continuous infusion of NMBA and the length of time spent
in the “harmful period” (defined as ICP > 20 mmHg)
[37].

Experimental Studies

We found eight animal studies (dogs, swine, cats, rats, and
monkeys); seven of them principally investigated the
effects of one or more NMBASs (atracurium, vecuronium,
succinylcholine, and pancuronium) on cerebral (i.e., ICP,
CPP, and EEG) *+ hemodynamic (i.e., MAP, HR, and
CVP) parameters [38—44]. In four of these studies, neither
succinylcholine nor non-depolarizing agents (atracurium or
vecuronium) produced significant changes in ICP
(£hemodynamic parameters) under conditions of normal
or artificially increased ICP [38—41]. In a monkeys’ model
of intracranial hypertension, Haigh et al. showed no
changes in ICP after succinylcholine or atracurium
administration [42]. In a swine model, Ducey et al. found
no changes in ICP and hemodynamics after atracurium or
vecuronium, while succinylcholine determined an increase
in ICP coupled with a fall in MAP resulting in decreased
CPP [43]. Lanier et al. showed stable ICP, EEG, and other
cerebral parameters by different doses of pancuronium or
atracurium in anesthetized dogs, and found modest cerebral
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stimulation induced by atracurium [44]. One study found
that a curare bolus increases CBF in a case of disrupted
blood-brain barrier [45]. This increase was blocked by pre-
treatment with a histamine,-antagonist, indicating the role
of this receptor for curare-related augmented CBF in pre-
sence of damaged brain barrier.

Discussion

Our systematic review has confirmed the lack of strong
evidence about the effect of NMBAs on long-term outcome
in patients with TBI and/or increased ICP. Suboptimal data
are presently available on their long-term effects, and the
best evidence comes from a post hoc analysis of a RCT
[36].

More results are available for the short-term effects of
paralysis on the ICP and on other cerebrovascular param-
eters. However, the small sample size of these studies
(treatment group ranging between 8 and 25 patients or 6 to
18 animals), the large presence of studies mostly outdated
(all of them older than 15 years), and the different NMBAs
tested in each study (eight drugs in total) hardly allow to
draw any firm conclusions and do not warrant a meta-
analysis.

Succinylcholine increased ICP in two of three clinical
studies and in one of six experimental animal studies,
leaving with a degree of uncertainty about its effects on
ICP. More consistent results have been found on the effect
of non-depolarizing NMBAs. Only one of nine clinical
studies and none of seven animal studies showed signifi-
cant changes in ICP, MAP, and other variables. Therefore,
non-depolarizing NMBAs may be safer in TBI patients
with regard to their short-term effects on ICP.

Despite their methodological limitations, some data on
long-term outcome have been extrapolated by the two
retrospective studies, which showed a potential association
between the use of NMBAs and prolonged ICU length of
stay, higher frequency of paralysis-related complications
[36], and longer time spent with high ICP [37]. Never-
theless, these two studies are not enough to draw firm
conclusions.

In absence of strong data, it is not surprising that there is
not a clinician’s wide agreement regarding the prolonged
use of NMBA infusion in patients with TBI. Two surveys
conducted in Canada and in the United Kingdom have
shown some discordant results and confirm that the use of
paralysis in this population relies mainly on clinicians’
preference [4, 46]. Participants to the Canadian survey
considered NMBA use of uncertain appropriateness in
patients with diffuse axonal injury [46]. Interestingly, the
British survey showed that NMBAs were commonly used
in patients with severe head injury, with 40 % of the
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responding centers using paralysis in 100 % of their
patients [4].

The lack of strong evidence about the use of pharma-
cological paralysis is also common to the general ICU
setting, and two surveys (Canada and United States)
showed a low uptake of protocols for the usage of NMBAs
(22 and 46.8 %, respectively) [47, 48], despite guidelines
have been developed [49].

From the evidence retrieved and qualitatively analyzed,
we believe that use of NMBAs in TBI patients has to be
considered carefully, balancing the impact of positive and
negative aspects of pharmacological paralysis, especially if
considering a continuous infusion. For this reason, pro-
spective RCTs are warranted to better understand not only
transitory effects of NMBAs on ICP, CPP, and MAP but
also the long-term impact of continuous paralysis in
patients with TBL

We take the opportunity to further discuss the possible
advantages and the potential harmful effects of initiation of
muscle-relaxant infusion in TBI patients and refractory
increase in ICP. These are as follows:

Potential Advantages of Treatment with NMBAs After
Traumatic Brain Injury

Ventilation Management

TBI itself is an independent risk factor for the development
of acute lung injury, and the ventilation of TBI patients can
become challenging, not only for the mandatory control of
PaCO, and the limited use of PEEP. Yet, patients may
develop a respiratory deterioration due to various reasons
(pulmonary contusion, aspiration of gastric content, venti-
lator-associated pneumonia to name a few) and along with
it, some ICUs also target a supra-normal PaO, and even-
tually brain tissue O, pressure > 15 mmHg [50, 51].

The avoidance of asynchrony with the ventilator using
pharmacological paralysis can decrease the risk of baro-
and volu-trauma [52] and more specifically could prevent
surges of ICP due to uncoordinated breathing and increased
intra-thoracic pressures. The reduction of intra-thoracic
pressures could potentially facilitate the jugular venous
return adding an additional benefit on ICP control.

Neuromuscular blockers have shown their ability in
preventing fluctuations of ICP due to coughing stimulating
maneuvres [8—12, 21]. Nevertheless, more invasive pro-
cedures, such as fiberoptic bronchoscopy, did not get much
benefit from administration of NMBA [20], even though a
confounding effect by fluctuating CO, cannot be excluded.

Another indirect benefit of paralysis is the reduction of
O, consumption (particularly by the respiratory muscles)
and of the energy expenditure of patients with TBI [13],
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which may hold a further small positive effect on the
patient with head injury.

During Temperature Management

Pyrexia may result from neuronal dysfunction post-TBI
itself, or can be caused by systemic inflammatory response
or on-going infections. Fever after head injury is associated
with prolonged ICU stay and worsens neurocognitive
outcomes [53-55]. Active temperature management is
common for pyrexial TBI patients, and the infusion of
NMBAs could prevent shivering (and the associated
increase in metabolic rate and O, consumption) [56, 57]
while opioids and/or sedatives have the pitfall of cardio-
vascular instability and reduction in CPP.

Moreover, the cerebral metabolic rate of O, consump-
tion decreases by about 6 % for each 1 °C during
hypothermia [58—60], and the role of therapeutic cooling in
TBI patients is currently under investigation in two mul-
ticenter clinical studies (“Eurotherm3235” and “POLAR-
RCT”) [61, 62].

Effect on Inflammation and Organ Crosstalk

The existence of an “inflammatory crosstalk” with the
diffusion of inflammation between anatomically distant
organs has been already shown, and the lungs seem to play
a major role [63, 64]. On the route of “lung-brain cross-
talk”, mechanical ventilation is associated with neurologic
impairment and cognitive dysfunction [65], while different
aetiologies of head injury can precipitate respiratory dis-
tress, i.e., neurogenic pulmonary edema may follow TBI
[66], status epilepticus [67], or subarachnoid hemorrhage
[68]. The early administration of NMBAs reduces the
inflammatory surges associated with mechanical ventila-
tion [69], and this inflammatory modulation could be
intriguing for the patients with TBI, although the impor-
tance of circulating cytokines in the development of
secondary brain injury is still controversial [70].

Potential Side Effects of NMBAs After Traumatic
Brain Injury

NMBAs are a relatively safe class of drugs. However, some
issues should be highlighted in TBI patients especially in
the case of NMBA infusion:

Critical Illness, Weakness, and Weaning
Patients with TBI and raised ICP are mechanically venti-

lated for prolonged periods, and therefore, at higher risk of
developing of critical illness polyneuropathy (CIP) and/or

myopathy (CIM), two conditions often coexist and cause
prolonged weaning and weakness [16].

The infusion of NMBAs was recognized as risk factor
for CIP/CIM, but its role is less certain than thought before
[15, 16]. The development of CIP/CIM increases the
weaning period by 2- to 7-fold in the general ICU popu-
lation [18]. Leijten et al. found that 76 % of patients
mechanically ventilated longer than 5 days developed
electrophysiological neuromuscular abnormalities [71],
and the mortality in this group was at least doubled [71,
72]. Few data are available about the weaning of patients
with brain injury because they have been excluded from
RCTs on weaning strategies [73].

Until the relationship between NMBA and CIP/CIM
will be clarified, paralysis should be carefully considered in
TBI patients artificially ventilated for prolonged periods. A
negative impact on weaning in turn would delay the
rehabilitation process, with further negative impact on the
neurological recovery [74]. In addition, a severe CIP/CIM
may inappropriately instigate unwise pessimistic prognos-
tic impressions.

Diagnosis of Post-traumatic Seizure Activity

NMBAs infusion would result in the difficulty to identify
post-traumatic seizure activity, in which occurrence after
TBI is relatively frequent [75, 76]. Epileptic activity can be
identified by continuous EEG during paralysis, but not all
protocols implement a daily EEG monitoring and not all
ICUs have the facilities to provide such expert monitoring.

Pharmacokinetic Considerations

NMBAs are hydrophilic drugs and do not cross the blood—
brain barrier. Of theoretical importance, the metabolism of
the benzylisoquinolines NMBAs (cisatracurium and atrac-
urium) generates laudanosine, an amino alkaloid with
epileptogenic activity [77]. A study on anephric cats
exposed to high dose of atracurium showed no brain tox-
icity by laudanosine accumulation [78]. However, a
disrupted blood-brain barrier may allow the penetration of
NMBA molecules into the brain parenchyma. An animal
study investigated the neurotoxicity of NMBAs or lauda-
nosine injected directly into the brain. Steroidal NMBAs
(pancuronium and vecuronium) showed epileptogenic
effects due to accumulation of cytosolic calcium, while
atracurium or laudanosine did not cause shift of calcium
nor epileptic activity [79]. A case series from Gwinnutt
et al. in patients with severe closed head injury and
exposed to atracurium did not find adverse effects attrib-
utable to the concentration of laudanosine in the
cerebrospinal fluid [80].
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Isolated cases of tachyphylaxis in TBI [81] and cross-
resistance between steroidal and benzylisoquinolines
NMBAs have been reported [82]. Other considerations,
such as interaction with other drugs, are likely to be similar
to those valid in the general ICU population. Finally, it is
worth mentioning that NMBAs are under scrutiny in the
general ICU population for a possible association with
pulmonary and thrombotic complications; however, the
presence of multiple confounding factors in patients with
severe trauma makes the study of these complications
highly challenging.

Conclusions

Our systematic review did not find satisfactory scientific
evidence to support or reject the use of neuromuscular
blockage in patients with TBI and increased ICP, which
presently depends mainly on clinician’s preference. Non-
depolarizing NMBAs could be safer than succinylcholine
with regards to their short-term effects on the ICP; how-
ever, there is no available evidence of the impact of
paralysis on long-term outcome of TBI patients. Among
others, the positive effects of NMBAs, such as the facili-
tation of mechanical ventilation, should be -carefully
weighed against the potential to harm with continuous
paralysis. Large well-designed studies are warranted in
order to weigh the risk and benefit of such practice.
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