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Abstract

Background Severe traumatic brain injury (sTBI) is a major
cause of morbidity and mortality. Intracranial pressure (ICP)
monitoring and management form the cornerstone of treat-
ment paradigms for sTBI in developed countries. We examine
the available randomized controlled trial (RCT) data on the
impact of ICP management on clinical outcomes after sTBI.
Methods A systematic review of the literature on ICP man-
agement following sTBI was performed to identify pertinent
RCT articles.

Results We identified six RCT articles that examined whether
ICP monitoring, decompressive craniectomy, or barbiturate
coma improved clinical outcomes after sTBI. These studies
support (1) the utility of ICP monitoring in the management of
sTBI patients and (2) craniectomy and barbiturate coma as
effective methods for the management of intracranial hyper-
tension secondary to sTBI. However, despite adequate ICP
control in sTBI patients, a significant proportion of surviving
patients remain severely disabled.

Conclusions If one sets the bar at the level of functional inde-
pendence, then the RCT data raises questions pertaining to the
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utility of decompressive craniectomy and barbiturate coma in
the setting of sTBI.
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Background

Severe traumatic brain injury (sTBI) is a major source of mor-
bidity, mortality, and health care costs in the US.
Approximately 1.7 million patients suffer TBI annually, caus-
ing 124,000 disabilities and 52,000 deaths [21, 25]. Health
costs associated with TBI in the US total more than $60 billion
annually [19]. In Europe, sTBI is the most common cause of
disability in young adults, with related health care costs of
approximately $37.5 billion [2]. Similar findings are reported
globally [1, 11, 16], indicating the public health importance of
and the personal cost exacted by sTBI.

As determinants of clinical outcome, the relative contribu-
tions of the injuries sustained at the time of sTBI and injuries
secondary to persistently elevated intracranial pressure (ICP)
remain unclear. There are currently no medical or surgical
interventions that can reverse the physical damage incurred
during the traumatic event. While brain oxygenation and me-
tabolism monitoring may provide opportunities for therapeu-
tic intervention in sTBI patients [15, 18], the current tenet of
sTBI management rests on mitigating secondary brain injury,
much of which is related to ICP elevation. Medically refrac-
tory intracranial hypertension following sTBI is the most com-
mon cause of death in this setting [20]. First-tier interventions
to maintain ICPs include ventricular drainage of cerebrospinal
fluid, osmotic agents such as mannitol or hypertonic saline,
moderate sedation/paralytics, and transient hyperventilation
as a temporizing measure. Second-tier interventions, reserved
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2 g . .- i for patients with ICPs refractory to first-tier maneuvers,
§ *§ E § ; % include decompressive craniectomy and barbiturate coma
: |EiEiis. . 121 | .
3 Ssz2dpED Here we perform a comprehensive search of the literature
E é é § g H _.E : z to identify randomized controlled trials (RCTs) that examine
g ;&)EJ é*é &2 gg :g the clinical efficacy of ICP monitoring, decompressive
35 T § craniectomy, and barbiturate coma in patients with sTBL
]
3 :
P g Methods
S = 5}
52 2 . . .
" =l 2 The English-language literature was searched using the
.%D ii E PubMed (MEDLINE) electronic database (https://www.ncbi.
& g 3 o nlm.nih.gov/pubmed/) (1980-2017, cutoff date May 1, 2017)
® o0 e 2 and the following search terms: traumatic brain injury, head
E injury, craniocerebral trauma, intracranial pressure, and
@ Tg intracranial hypertension (see Supplemental Materials for the
% = % precise search methodology). Initial inclusion criteria were set
£ 2 2 by the following search restrictions: (1) original research as
% % & defined by a ‘comparative study’ or ‘randomized controlled
2 ; Z) trial” study type, (2) published in English, and (3) involved
£ 3 3 human subjects. Nine hundred forty-eight articles were iden-
2—1 3 2 tified using these search criteria. These articles were then
- % screened by RR and CC. Returned articles meeting these
o search criteria were excluded on manual review if they did
?D not include RCT data related to the efficacy of ICP monitor-
§ ing, decompressive craniectomy, and barbiturate therapy fol-
% 2 lowing TBI (Fig. 1). Six relevant articles were identified.
é E Secondary searches of the EMBASE and Cocharne databases
£ 5 did not identify additional RCTs that were not captured using
ﬁ Zj our PubMed (MEDLINE) search. Paper components reported
8 include: author, year of publication, years of data collection,
o @ ) number of study sites, study design, number of patients, pa-
S 8% A tient inclusion and exclusion criteria, interventions utilized in
g ED E % the study groups, primary and secondary outcomes, main find-
2.2 E S £ ings with an emphasis on those pertaining to intracranial pres-
E %’ g E g sure, complication rates, and study limitations or sources of
£l A & = potential bias (see Table 1 for a summary of included studies).
cE | 4
o Results
4 2
& = Utility of ICP monitoring
g 29 S . . .
O 83 2 Benchmark evidence from South American trials: treat-
ZEE %’3 ment of intracranial pressure: BEST-TRIP The placement
5; of an ICP monitor following sTBI is an accepted standard of
2= 5 care in developed countries, including the US [3]. As such,
é E i randomizing sTBI patients to forego ICP monitoring would
§ é ,§ not be acceptable if proposed in these countries. In this con-
: Ei :‘% text, Chesnut et al. conducted an RCT based in Bolivia and
2| & 5 Ecuador (2008-2011), where ICP monitoring is not the stan-
S| & = dard of care [6]. The authors randomized 324 patients with

@ Springer


https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed

2282

Acta Neurochir (2017) 159:2279-2287

)

Fig. 1 Flow chart of literature
search results. Search performed

using the Pubmed database,
which includes a search of the
MEDLINE database

Records identified through database

searching (PubMed)
(n=948)

Screening [ Identification

Eligibility

Included

sTBI to either guideline-based care using continuous ICP
monitoring (157 patients) or a treatment protocol based on
serial imaging and neurologic examinations (167 patients).
Inclusion criteria were sTBI (defined by GCS 3-8 on admis-
sion or decline to GCS 3-9 within 48 h of injury) and
>13 years old. Patients with non-survivable injuries or a
GCS of 3 with bilateral fixed and dilated pupils were exclud-
ed. Randomization was stratified by clinical site, severity of
injury, and patient age. Patients randomized to ICP monitoring
had intraparenchymal monitors placed at presentation, with
management aimed to maintain ICPs < 20 mmHg using a
standard progression from hyperosmolar therapy and ventric-
ular drainage to high-dose barbiturate therapy for intractable
intracranial hypertension. Patients in the non-ICP monitoring
group were treated for clinical or radiographic signs of intra-
cranial hypertension at fixed schedules via hyperosmolar ther-
apies and/or ventricular drainage. High-dose barbiturates were
initiated for patients with persistent radiographic or clinical
findings. Decompressive craniectomy was utilized for treat-
ment of medically intractable intracranial hypertension. The

@ Springer

Records excluded (n = 942)

if no RCT data on the

| efficacy of ICP monitoring,

decompressive craniectomy,
and barbiturate therapy

Records screened
(n=948)

following TBI

A

Full-text articles assessed
for eligibility
(n=6)

A

Studies included in

qualitative synthesis

(systematic review)
(n=6)

primary outcome was a composite score based on (1) overall
survival, (2) functional status at 3 and 6 months [assessed
using the Extended Glasgow Outcome Scale (GOS-E)], and
(3) neuropsychologic status at 6 months. Secondary outcomes
included frequency of first- (hyperosmolar therapy) and
second-tier treatments (barbiturate or craniectomy) for elevat-
ed ICPs, systemic complications, and various measures of
hospital stay. The sample size of 324 patients would detect
an increase of 10 percentage points in patients with a good
outcome or moderate disability based on GOS-E.

Baseline characteristics of the study participants were com-
parable across groups; 92% of randomized patients were
followed for 6 months or until death. This study found no
difference in composite score with or without ICP monitoring
(56 versus 53, p = 0.49). Six-month mortality was also not
significantly different between groups (39 versus 41%;
p = 0.60). The rates of non-neurologic complications (85 ver-
sus 88%; p = 0.52) and serious adverse events (70 versus 76
events; p = 0.91) were similar between the pressure-
monitoring and imaging/clinical examination groups.
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Patients in the imaging/clinical examination group received
more hypertonic saline (p = 0.008) and hyperventilation (p =
0.003). In contrast, use of barbiturates was higher in the ICP
monitoring arm (24 versus 13%; p = 0.02). Approximately
30% of enrolled patients underwent decompressive
craniectomy, with a similar frequency between the two study
arms (p = 0.81). Six percent of patients suffered complications
related to placement of the ICP monitor.

We assessed the quality of BEST-TRIP using the Cochrane
risk of bias tool [13]. The likelihood for selection bias in this
study is low given the use of random sequence generators and
allocation concealment. The baseline characteristics of the two
arms were comparable. Due to the nature of the study, it was
impossible to blind the participants to the intervention.
However, given the selection of unconscious patients with a
GCS of 3-8, it is unlikely that patients performed differential-
ly as a result of unblinded clinical interventions. The likeli-
hood of detection bias is low since the outcomes were deter-
mined by trained examiners who were unaware of the group
assignments. Handling of attrition and data exclusion are doc-
umented in detail. There was little evidence of selective
reporting in terms of outcome.

Utility of decompressive craniectomy

Two RCTs have assessed the clinical outcome of sTBI patients
with sustained ICP elevations randomized to treatment with
decompressive craniectomy versus medical management
alone [7, 14].

Decompressive craniectomy in diffuse traumatic brain
injury (DECRA) The DECRA study by Cooper et al. in-
volved 15 centers and 155 patients from 2002 to 2010 [7].
Inclusion criteria were: ages 15 to 59 years and severe
non-penetrating TBI (defined as GCS 3 to 8 or Marshall
class IIT [moderate diffuse injury on computerized tomog-
raphy] [17]) with intracranial hypertension refractory to
first-tier treatments (ICP > 20 mmHg for > 15 min within
a 1-h period) within the first 72 h of presentation. Patients
with non-survivable injuries, dilated unreactive pupils,
surgical mass lesions, spinal cord injuries, or cardiac ar-
rest following trauma were excluded. Patients were ran-
domized within 72 h of injury to undergo a bifrontal
craniectomy with bilateral dural openings plus standard
medical care, or standard medical care alone [second-tier
ICPs therapies included mild hypothermia (to 35 °C) and/
or barbiturates]. Patients assigned to medical therapy were
eligible for life-saving decompressive craniectomies.
Randomization was stratified by study site and type of
ICP monitoring device (intraparenchymal catheter or ex-
ternal ventricular drain). The primary outcome was the
proportion of patients with favorable GOS-E (defined as
5-8 or moderate disability to good recovery) 6 months

after injury. Secondary outcomes included hourly ICPs, the
intracranial hypertension index (% of end hourly measures
of ICPs > 20 mmHg), proportion of surviving patients depen-
dent or with severe disability (GOS-E scores of 2 to 4), days in
the ICU and hospital, and 6-month mortality.

Overall, 73 patients were randomized to medical therapy,
and 82 were randomized to decompressive craniectomy.
Fifteen patients (18%) assigned to the medically managed
group underwent delayed decompressive craniectomy. Intent-
to-treat analysis was performed using ordinal GOS-E. Although
the craniectomy group showed worse 6-month GOS-E relative
to the medically managed group (median GOS-E score of 3
versus 4; p = 0.03), this difference lost significance when ad-
justed for baseline pupil reactivity on a post-hoc analysis
(p = 0.15). Patients treated with craniectomies showed lower
mean ICPs (14.4 versus 19.1 mmHg; p < 0.001), less time with
ICPs above 20 mmHg (9.2 versus 30.0 h; p < 0.001), and a
lower intracranial hypertension index (11.5 versus 19.9;
p < 0.001), suggesting that decompressive craniectomy is an
effective means of managing ICP. There were no significant
differences in 6-month mortality (19 versus 18%) between the
craniectomy and medically managed cohorts. Thirty-seven per-
cent of patients in the craniectomy group and 17% of the med-
ically managed patients suffered one or more medical or surgi-
cal complications.

We assessed the quality of DECRA using the Cochrane risk
of bias tool [13]. There is evidence for selection bias since a
higher proportion of patients with unreactive pupils were ran-
domized to the craniectomy group relative to medical man-
agement (27 versus 12%, p = 0.04). The criteria for
performing craniectomy (ICP > 20 mmHg for 15 min) and
the type of craniectomy performed were standardized
(bifrontotemporoparietal craniectomy with bilateral dural open-
ing), minimizing the risk for selection bias. However, the per-
tinence of these criteria to routine clinical practice remains un-
clear. For instance, hemicraniectomy (instead of bi-frontal
craniectomy) is often performed for traumatic brain injuries that
predominantly involve a single hemisphere. Moreover, it is
unclear that most surgeons would perform craniectomies after
15 min of ICP elevation. Likelihood of detection bias is low
since the outcomes were determined by examiners who were
unaware of the group assignments administered. Handling of
attrition and data exclusion are documented in detail. There are
issues related to selective reporting since (1) the primary end
was altered after an interim analysis and (2) the definition of
favorable and unfavorable outcome was based on arbitrary di-
chotomization of a continuous variable.

Randomized evaluation of surgery with craniectomy for
uncontrollable elevation of intracranial pressure
(RESCUEicp) The RESCUEicp study performed by
Hutchinson et al. involved 52 centers and 398 patients be-
tween 2004 and 2014 [14]. Inclusion criteria were: ages 10

@ Springer
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to 65 years, traumatic brain injury with an abnormal CT scan,
and intracranial hypertension refractory to first/second tier
treatments (defined as ICPs > 25 mmHg for 1 to 12 h).
Patients with non-survivable injuries, bilateral fixed and dilat-
ed pupils, or coagulopathies were excluded. Patients requiring
an operation for evacuation of an intracranial hematoma were
not excluded if the bone flap was replaced at the end of the
surgery. Patients were randomized to undergo either a unilateral
hemicraniectomy or bifrontal craniectomy (with dural opening)
plus standard medical care, or standard medical care alone (con-
tinued first/second tier ICP therapies, plus addition of barbitu-
rates). Patients assigned to medical therapy were eligible for
life-saving decompressive craniectomy. Randomization was
stratified based upon study site. The primary outcome was the
proportion of patients with favorable GOS-E (defined as > 4 or
upper severe disability) 6 months after randomization.
Secondary outcomes included GOS-E 12 and 24 months after
randomization, 6, 12, and 24-month mortality and quality of life
(assessed via the 36-item Short-Form Health Survey in adults
and the 10-item Short-Form Health Survey in children), dis-
charge Glasgow Coma Scale (GCS) score, overall ICP control,
and time in the ICU and hospital. Study size was pre-
determined based on an estimate that 400 patients would be
required to detect an increase in the proportion of favorable
GOS-E patients from 45% to 60%.

Between 2004 and 2014, 398 patients were randomized:
198 into medical therapy and 202 to decompressive
craniectomy. Baseline characteristics of the study participants
were comparable across groups, except there were more pa-
tients with a history of drug or alcohol abuse in the medical
management group (35.2 versus 24.8%, p = 0.02). Seventy-
three patients (37.2%) assigned to the medically managed
group underwent delayed decompressive craniectomy.
Intent-to-treat analysis was performed using ordinal GOS-E.
A favorable 6-month GOS-E outcome was found in 42.8% of
patients in the surgical group versus 34.6% in the medical
group (p = 0.12). This improvement in favorable GOS-E
scores with surgery remained at 12 months (45.4 versus
32.4%, p = 0.01). Other notable secondary outcomes include
a significantly reduced mortality in the surgical group (30.4%
versus 52%, p < 0.01), lower mean ICPs (14.5 mmHg versus
17.1 mmHg, p < 0.001), and less time with ICPs above
25 mmHg (5.0 h versus 17.0 h, p < 0.001). Adverse events
occurred in 16.3% of patients in the craniectomy group (ad-
verse events relating to cranioplasties not recorded) versus
9.2% in the medical group (p = 0.03).

We assessed the quality of RESCUEicp using the Cochrane
risk of bias tool [13]. The likelihood for selection bias in this
study is low given the use of permuted blocks of random sizes.
The baseline characteristics of the two arms were comparable.
Due to the nature of the study, it was impossible to blind the
participants to the intervention. However, given the selection
of unconscious patients with ICPs > 25 mmHG, it is unlikely

@ Springer

that the patients willingly performed differentially as a result
of unblinded clinical intervention. Likelihood of detection bi-
as is low since the outcomes were determined by trained ex-
aminers who were unaware of the group assignments.
Handling of attrition and data exclusion are documented in
detail. Given that a high proportion of patients in the medical
management group underwent salvage craniectomy (37.2%),
and an intent-to-treat analysis was performed, result reporting
is biased toward minimizing the life-preserving impact of de-
compressive craniectomy.

Use of barbiturate therapy

There is one published RCT study that examined the effect of
barbiturates on intracranial hypertension refractory to tier 1
interventions. The study by Eisenberg et al. enrolled 73 pa-
tients at 5 centers between 1982 and 1985 [10]. Inclusion
criteria were: ages 15-50 years with GCS < 7 and elevated
ICPs refractory to tier 1 interventions. Patients who were preg-
nant, had a GCS score of 3, or had nonreactive pupils were
excluded. Eligible patients were randomized to either pento-
barbital therapy plus continued tier 1 interventions, or tier 1
interventions alone. In patients randomized to pentobarbital
therapy, pentobarbital was discontinued when ICPs <
20 mmHg were achieved for 48 h. Patients with a GCS of 3
or non-reactive pupils were excluded. Patients failing tier 1
interventions were allowed to crossover and receive pentobar-
bital therapy. Thirty-seven patients were randomized to pen-
tobarbital therapy and 36 patients to continued tier 1 interven-
tions. Baseline characteristics of the two arms were generally
comparable. Notably, 26 of the 36 patients assigned to non-
pentobarbital treatment crossed over. Endpoints evaluated in-
cluded sustained ICPs < 20 mmHg for 48 h and 1-month
survival. The study revealed that 32.4% of the pentobarbital-
treated group achieved ICP control compared to 16.7% of the
non-pentobarbital group (p = 0.12). A multiple logistic model
accounting for treatment and baseline characteristics demon-
strated a positive treatment effect of barbiturates (odds ra-
tio = 2.18, p = 0.02). Furthermore, ICP control was achieved
in 85.7% of the crossover patients. Despite the improvement
in ICP control, the overall survival of patients in the two co-
horts did not significantly differ. The rate of hypotension was
modestly increased in the barbiturate group (62 versus 50%).

Insufficient data were included in this article to allow a
detailed assessment by the Cochrane risk of bias tool [13].
An important limitation of this study is that the planned sam-
ple size was not achieved. As such, inadequate sample size is a
major concern in the interpretation of a negative survival
association.

Two other RCTs reported that barbiturate therapy did not
significantly affect mortality outcome in sTBI patients. Ward
et al. enrolled 53 consecutive sTBI patients at a single center
between 1979 and 1983 [26]. Inclusion criteria were: sTBI,
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age greater than 12 years, and an acute intradural hematoma
(large enough to warrant surgical decompression) or no mass
lesion but a best motor response of abnormal flexion or exten-
sion. Exclusion criteria were comorbid hypertension, heart
disease, or liver disease. Outcomes of interest included
Glasgow Outcome Scale (GOS) score at 1 year, hourly
ICPs, incidence of elevated ICP, and mortality from uncon-
trollable intracranial hypertension. Patients were randomized
to prophylactic pentobarbital treatment (z = 27) or no-
pentobarbital treatment (n = 26). There was no significant
survival difference between the pentobarbital and the control
group. However, higher incidence of arterial hypotension was
observed in the pentobarbital group relative to the untreated
group (54 versus 7%).

In the second study, Schwartz et al. enrolled 59 patients at a
single center between 1980 and 1982 [23]. Inclusion criteria
were: sTBI, GCS <7 and ICPs > 25 mmHg for > 125 min.
ICP-monitored sTBI patients who did not develop raised ICPs
were excluded. Patients with elevated ICPs after intracranial
hematoma evacuation and patients with elevated ICPs in the
absence of a hematoma were separately randomized to initial
treatment with mannitol or pentobarbital followed by the sec-
ond drug as needed. Outcomes studied included failure to
control ICPs, 3-month survival, and quality of life for surviv-
ing patients. For patients with intracranial hypertension fol-
lowing hematoma evacuation, there was no significant differ-
ence in mortality between the pentobarbital and mannitol
groups (40 versus 43%). For patients with intracranial hyper-
tension without a hematoma, there was a higher mortality rate
in the pentobarbital group (77% versus 41%). In both cohorts,
ICP control was worse with pentobarbital.

For the Ward and Schwartz studies, insufficient data were
included to allow detailed assessment by the Cochrane risk of
bias tool [13]. Notable limitations of these studies include the
absence of a power calculation to determine necessary sample
size, failure to designate primary versus secondary outcomes,
and lack of appropriate statistical analyses.

Discussion

Despite the non-zero risk of ICP monitoring [8, 9], and vari-
able neurosurgeon adherence to strict monitoring criteria
based on individual patient factors [24], current treatment
guidelines clearly reflect the importance of ICP control as it
pertains to the management of sTBI patients [3, 4, 12, 22].
While the inverse relation between cerebral perfusion and in-
tracranial pressure is overly simplified, it generally holds true.
Also, the association between poor clinical outcome and un-
controlled intracranial hypertension in sTBI patients remains
undisputed. In this context, the BEST-TRIP results should not
be mistaken as an indictment of the importance of ICP man-
agement. Instead, this study demonstrates that ICP

management based on diligent clinical observation achieves
outcomes comparable to those based on direct ICP
monitoring.

Two other findings in BEST-TRIP are worth noting. The
increased utilization of hyperosmolar therapy and hyperventi-
lation in the non-ICP monitor arm suggests tendencies of
treating physicians to overestimate ICP based on clinical and
radiographic findings, in the absence of direct ICP measure-
ment. Additionally, the increased acute-care length for pa-
tients in the ICP-monitoring arm suggests that overreliance
on ICP measurement in the subacute phase of injury may
prolong intensive care stay. To the extent that patient out-
comes were comparable between cohorts despite these differ-
ences, these findings suggest opportunities for cost-effective
improvements in resource allocation rather than for meaning-
ful gains in clinical outcome.

In DECRA and the barbiturate RCTs, ICP control was not
associated with survival improvement. On the other hand, ICP
control was associated with improved survival in
RESCUEicp. Our synthesis of this literature is that control
of ICP is, by itself, insufficient for optimizing clinical outcome
following sTBI. While there is no doubt that intracranial hy-
pertension and consequent intracranial hypoperfusion is a key
factor in secondary brain injury after sTBI, the traumatic in-
jury itself likely triggers biologic processes, such as
excitotoxic injury or autoregulatory failure, that exacerbate
the deleterious effects of the initial insult. Until these mecha-
nisms are mitigated, the severity of the initial TBI will likely
remain a primary determinant of clinical outcome.

In the RCTs reviewed, the most striking effect of decom-
pressive craniectomy appeared to be lowering the proportion
of patients who died while increasing the proportion of vege-
tative or severely disabled patients. Approximately 70% of
sTBI patients become variably dependent on others for care
irrespective of whether decompressive craniectomy is per-
formed. If one sets the bar at the level of functional indepen-
dence, as we should, then the data raise serious questions
pertaining to the utility of decompressive craniectomy in the
setting of sTBI. The major issue is that it is impossible to
predict the benefit of craniectomy on an individual level.
Further confounding the issue is the observation that
craniectomy is associated with an approximately 16% risk of
surgical morbidity.

The aggregate of the RCT literature suggests that a signif-
icant proportion of patients surviving sTBI remain severely
disabled, raising ethical considerations in terms of informed
consent and societal responsibility. By definition, informed
consent cannot be secured from sTBI patients themselves.
Treatment decisions are often based on consent of available
surrogates or on life preservation in a crisis situation.
However, given that the outcome is likely one of significant
physical disability with associated psycho-social challenges,
whether the sTBI patients would opt to live under such
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circumstances remains an open question. In a survey of pa-
tients who survived catastrophic neurologic injury with severe
disability, nearly 50% of the interviewed patients reported that
they would not have opted for life-preserving measures [5].
What is the responsibility of our society to these patients?

It is clear that health care decisions should not be based
purely on economic calculations or a utilitarian framework.
Compassion, preservation of life, and maximization of human
potential are fundamental values shared by most societies and
remain ideals to which health care providers aspire. The diffi-
culty arises when well-intended efforts are not bolstered by
knowledge that genuinely affects clinical outcome.
Investment in the ascertainment of that knowledge should be
a clear priority. Until such knowledge is attained, thoughtful
consideration should be devoted to the minimization of un-
necessary human suffering.
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